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Synopsis 
Magnesium alloy is a light weight metallic material which offers good engineering 
properties and environmental advantages. Most cast components in this material are 
produced by the traditional casting processes, predominantly the die-casting process. 
The Expendable Pattern Casting Process (EPC process) is a relatively new casting 
process which provides many design, processing and environmental benefits. 
However, the process differs significantly from the conventional empty mould sand 
casting process and there is the need for research to develop an understanding of the 
process parameters. 
The research was established to provide a preliminary evaluation of the production of 
magnesium base alloy castings by the expendable pattern casting process under gravity 
and counter gravity pouring. The major process parameters investigated were filling 
pressure, pouring temperature and pattern bead density. The problems experienced in 
applying this process for this material in the experimental research were defined. 
Microstructures and mechanical properties of the cast specimens were investigated and 
reported. 
The results showed that the quality of test bar specimens produced by the EPC process 
under counter gravity pouring with optimised process parameters was compatible with 
the quality of castings produced by the conventional sand casting process. 
In addition to the experimental research a review was conducted of the modelling of 
different methods of pouring. The pouring methods considered were bottom gating in 
gravity pouring, counter gravity pouring in an empty cavity mould process, and 
expendable pattern casting processes under both gravity and counter gravity pouring. 
A quasi one dimensional fluid mechanics analysis was conducted to explain the effect 
of pattern degradation on the delay in mould filling. 
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Chapter 1 
Introduction 
The development of new materials has been very important to serve the 
advancement of technologies in various areas. Transportation is one of 
the technological innovations which has affected human lives. 
Automobile and aerospace industries have required innovative 
components to suit their products' development for a global competitive 
market. One recognised example was the story about a Volkswagen 
'Beetle' car. This well-known vehicle used significant amounts of 
magnesium in engine and gear housings. 
One essential feature in component design concerns a proportion of high 
engineering performance per weight ratio apart from other compatible 
aspects serving the working conditions. Magnesium alloy is a light 
weight metallic material which offers good engineering properties and 
is recyclable. Its weight is less than either steel or aluminium when the 
comparison is based on the same volume. Manufacturing includes many 
techniques for producing components according to the material and 
other involved factors. Casting processes are one of the well-known 
manufacturing processes to shape the components of this material. The 
benefit of a casting process is that it offers the production of a complex 
feature of the component in near-net shape with a satisfactory quality to 
meet the required quantity supply to customers. Most casting 
components of this material are produced by the traditional casting 
processes, which were about 14 % of its annual world consumption in 
1992 [I]. Die-casting processes produced about 93 % of the castings 
while sand casting processes and others shared the rest. The die-casting 
processes have provided the major supply of magnesium alloy castings. 
Die-casting process has drawbacks in the investment cost of tooling, tool 
life and the limited weight range of a casting. Sand casting process has a 
drawback in achieving a near-net shape casting. Expendable Pattern 
Casting Process (EPC process) is a challenging casting process 
developed during recent decades. It is accepted to be a process which 
can provide many benefits including environmental benefits. At the 
present, environmental issues are an important aspect affecting global 
living. Environmental legislation and recycling will play an essential 
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role in the next century. This has influenced research and development 
in this casting process. The process requires different knowledge from 
that associated with the empty cavity mould process and understanding 
is still in its infancy. 
With the above in mind, this research was established to study the 
combination of EPC process and magnesium alloy. This interesting issue 
can contribute to the advancement in developing an alternative casting 
process for this material. Also this can strengthen EPC process in 
another step to be a competitive process among other casting processes. 
The study aimed to investigate under both gravity and counter gravity 
pounng. 
1.1 Objectives of the research 
I. To provide a preliminary evaluation of the production of magnesium 
base alloy castings by the expendable pattern casting process as follows:-
1.1 To study the microstructure and mechanical properties in the 
experimental research to achieve the compatible quality in the present 
casting process like sand casting process. 
1.2 To establish the problems in applying this process for this material 
in the experimental research. 
2. To compare different methods of pouring in bottom gating in gravity 
casting, counter gravity pouring in an empty cavity mould process, and 
expendable pattern casting processes in both gravity and counter gravity 
pounng. 
3. To suggest a quasi one dimensional analysis by fluid mechanics to 
explain the EPC process's characteristic in pattern degradation to delay 
mould filling and introduce as an analysing tool for EPC process. 
Magnesium alloy ZREI of Magnesium Elektron Ltd. contributed by 
Rolls Royce Light Metal Foundry section was used in this research. 
(Equivalent specifications of the material: BS2L.126; BS2970 MAG 
6TE; ASTM BSO-76 EZ33A) 
2 
Chapter 2 
Magnesium base alloy 
2.1 Introduction 
"Over the next decade, we'll be facing some important global issues, 
like environmental concerns, energy shortages, and increased 
international competition," 
"Our success in dealing with these issues will depend, to a great extent, 
on our success in the field of advanced materials - and on the decisions 
we make in developing them" 
This is a speech of Mr. Robert W. lames, vice president for marketing 
and business development for Battell's Advanced Materials Group, 
Columbus, OH, USA [2]. 
From the above speech it can be seen that the development of materials, 
and their associated process technologies, is essential to meet these 
challenges. 
Magnesium is an interesting material that has many attractive features 
and these are described in this chapter. Considerable research, by well-
known corporations, has proved magnesium's abilities in practice, as 
can be seen from many conference publications. 
2.2 The reasons for using magnesium base alloys 
The major factors in choosing magnesium are as follows:-
I. Unlimited resource. Magnesium is one of the most abundant 
minerals on the earth, like aluminium and iron. It makes up about 2-
2.5% of the earth's crust and is present in many forms of ore such as 
magnesite, brucite and olivine. It can also be produced from salt brines 
obtained from underground wells and sea water (which contains about 
0.13% magnesium) [3-6]. 
2. Price. The average price per equivalent weight of material is 
comparable with that for aluminium or plastics. Its relative stability in 
price is better than plastics, which are derived primarily from oil [6]. 
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3. Engineering properties' performance. For a structural 
application its high "strength-to-weight ratio" and "stiffness-to-weight 
ratio" are the most notable features when compared with other metals 
or plastics. Also it has many other attractive properties for designers to 
select, as described in the next section (2.3 Engineering design aspects) 
[5-7]. 
4. Environmental features. Magnesium can be recycled. It does not 
produce environmental problems· like plastics, which are not 
biodegradable. Thermosets are unrecyclable plastics. Thermoplastics 
can be reused but their mechanical and physical properties are reduced 
thus limiting their applications [6]. 
2.3 Engineering design aspects of magnesium 
Apart from serving customers' satisfaction, product designers should 
have a knowledge not only of materials and material costs but also of 
the various manufacturing processes. They need to design the part 
according to performance and quality requirements for an optimum 
design. Cost is an important aspect of design but other factors to be 
considered include physical characteristics, appearance, life expectancy, 
mechanical serviceability and delivery schedules [8]. 
The following are the advantages of magnesium on which many 
applications are based [6, 8-11]:-
a) Low mass & Low density. This is the first priority which most 
designers require. Because its relative weight is the lowest of the 
common metals its use leads to improved automobile performance and 
fuel economy. It can be used to reduce the inertia of the vehicle, 
lowering inertial forces in rotating or reciprocating components. It is a 
metal which is lighter than aluminium and has many functions that are 
competitive to plastics. 
b) Physical properties. Two most attractive features are its high-
strength per weight ratio and high specific stiffness per weight ratio. 
These factors are better for magnesium than plastics, especially in long-
term elevated temperature conditions. It has comparable tensile yield 
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strength to aluminium. Its relative stiffness, in structures having equal 
weight, is higher than aluminium or steel. Its relative stiffness makes it 
suitable for structural frames, such as luggage, which are subject to 
damage in service. 
c) Dimensional stability. This is an important property, especially for 
the long term applications which involve moderate temperatures. 
Magnesium is good in this respect, unlike plastics which can lose much 
of their physical properties at moderate temperatures and have low 
stiffness and poor long-term stability. This can result in distortion, 
droop, warpage, and misalignment. 
d) Damping capacity. Magnesium can absorb vibrating stress that leads 
to fatigue failure. Also it has good noise damping characteristics. 
e) Corrosion resistance. High-purity cast magnesium alloy can be used 
successfully for uncoated components in corrosion-sensitive areas of 
vehicles. Magnesium is not susceptible to intergranular corrosion or 
stress corrosion in high strength (zirconium type) wrought alloys. 
f) Creep resistance. Magnesium in cast and wrought form can be used to 
o 0 
about 350 C in long term service and to at least 400 C in short term 
service. This is in contrast with plastics or zinc which cannot be used at 
such high tempertures. 
g) Manufacturability & Flexibility in Design. Magnesium has 
outstanding hot forming characteristics. Its good casting fluidity makes 
it possible to produce thin walled components and it is easy to produce 
large and complex castings. It is suitable for pressure die casting, by 
either the hot- or cold-chamber processes. Its good heat transfer 
capabilities and low heat capacity permit die casting rates up to 50% 
faster than those for aluminium. Magnesium does not react with steel 
and in its molten state. It can be handled in fabricated steel equipment. 
Less draft is required for dies used to produce magnesium and die life 
can be up to three times that for aluminium alloys. In cases where 
castability and handling requirements control geometry the section size 
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of magnesium can be the same or less than either aluminium or zinc. 
However a greater volume of magnesium may be needed in high-stress 
areas if mechanical properties control part geometry. 
Magnesium alloys can be produced to high dimensional accuracy as cast. 
However, if machining is necessary, the alloys have excellent 
machinability resulting in many advantages which include: reduced 
machining time, compared to other common metals; advantageous chip 
morphology; increased tool life; and excellent machined surface finish. 
Several cast and wrought magnesium alloys for high strength and/or 
high temperature applications can be welded. 
h) Other properties. Magnesium has low notch-sensitivity in fatigue and 
a high ratio of fatigue to ultimate stress. Other advantages are low 
thermal stress modulus, high thermal diffusivity and low thermal 
neutron capture cross-section. 
Another valuable physical property, required for electronic device 
enclosures, is the ability to act as a shield against electromagnetic 
interference (EMI). Magnesium is also effective in shielding radio 
frequency interference (RFI), a type of EMI which extends over a 
relatively small portion of the overall frequency band. It is better when 
compared against a metallic coated plastic. 
The above advantageous engineering properties make magnesium useful 
for various applications in many industries, especially aerospace and 
military components. Recently the automobile industry has shown a 
growth in interest in the use of· magnesium alloys for vehicle 
components. 
2.4 Applications 
This section lists details of selected applications which exploit the 
advantages of magnesium alloys [4,12]. 
- Aerospace i.e. engine parts, engine crankcase, gearcases, satellite parts 
- Automotive i.e. wheel, camshaft housing & cover, cylinder head cover 
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- Consumer goods i.e. suitcases, wheelchair wheels, lawnmower 
housings 
- Electrical industry i.e. radio components & housings, switch boxes, 
electric motor housings, transformer housing & covers 
- Houseware items i.e. ladders, vacuum cleaner impellers 
- Machinery & Equipment i.e. milling machine heads, drill press heads, 
vibration testing equipment parts 
- Material Handling Equipment i.e. platform trucks, yard ramps 
- Office machines & equipment i.e. typewriter frames, pencil 
sharpeners, photocopying machine housings 
- Optical industry i.e. tripods, movie projector, TV camera housing 
- Ordnance i.e .. missile transporter, ground rocket launcher 
- Quartermaster i.e. vehicle repair shelter structure, tent poles, slips 
- Sporting goods i.e. bicycle frame parts, archery bow handles, softball 
bats 
- Textile Industry i.e. spindles, shuttles, needle bars, knitting bars 
- Portable Tools i.e. jigs, fixtures, housings of portable circular saws 
- Miscellaneous i.e. personal diving suit, sea water activated batteries 
Examples of Magnesium Applications 
a) Magnesium used in CD player 
Vibration in a CD player must be avoided and stability is essential. 
Magnesium has an excellent ability for damping vibration and 
maintaining accuracy of the laser mounting throughout the unit's life. 
The AZ91 magnesium alloy is used to make laser plates. They can be 
cast flat by die casting, as they do not distort during the cooling period, 
and require no post-casting machining (only trimming and deflashing) 
[13]. 
b) Magnesium bicycles 
Bicycles frames produced in magnesium alloy are cheaper than either 
titanium or carbon fibre frames and provide a significant weight 
advantage with good structural properties [14]. 
c) Magnesium wheelchair wheel 
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Diecast magnesium alloy wheels surpassed conventional steel spoked 
wheels in static yoke and impact tests. The only regular maintenance 
required is cleaning for clinical environments [15]. 
d) Magnesium engine block 
Magnesium alloy sand castings can replace cast iron with a significant 
weight reduction. The alloy can withstand the heat and vibration 
associated with engine operation [7]. 
e) Magnesium clutch and brake pedal support bracket 
Magnesium alloy provides structural rigidity and dimensional stability, 
which are the major design specification requirements for this part. It 
must be stiff with minimal distortion to withstand extremely heavy loads 
imposed by a husky driver in a panic stop [16]. 
f) Actuator arm for a disk drive 
Magnesium alloy AZ91D is used for this application. The design criteria 
are minimum inertia, maximum rigidity and high dimensional stability 
because the arm supports and positions a recording head which moves 
over the disk surface with a very small clearance [4]. 
g) Computer components 
Magnesium alloy provides the required strength, heat-sink 
characteristics, and surface quality in addition to the light weight 
required for a portable computer [4]. 
Magnesium alloy can provide better stiffness and EMI shielding than 
plastics coated with electroless copper or nickel for more flexibility in 
terms of component size and section thickness. In addition it can provide 
grounding, good thermal conductivity, dimensional stability with 
latitude of design and at a reasonable cost [18]. 
h) Mobile Communication 
A metal housing provides both stringent shielding and heat dissipation 
whereas metallised plastic only provides screening. Magnesium alloy 
provides the important advantage of RFI shielding for digital 
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communications equipment which is much tighter than for analogue 
systems. The alloy provides effective heat dissipation and earthing, 
essential requirements for dense circuits inside a portable transceiver 
unit, in addition to light weight and good stiffness [17]. 
2.5 Advantages & Disadvantages of Magnesium in 
Comparison with Other Materials 
The two competitive materials with magnesium ill structural 
applications are aluminium and plastics. 
Considering relative corrosion resistance, aluminium has the advantage 
over magnesium, particularly in aerospace applications where 
maintenance is difficult and environmental circumstances are adverse. 
However magnesium has many advantageous features over aluminium 
and other metals and these include [11,19] : 
a) Comparing at equal volumes, its components weigh about two-thirds 
of aluminium due to its lower density. 
b) Magnesium and its alloys can be processed with modern techniques 
like aluminium and its alloys. 
c) Magnesium has excellent machinability with which other metals 
cannot compete. 
d) Comparing strength per weight ratio magnesium has mechanical 
properties which are comparable to aluminium in various aspects. 
e) Magnesium has an elastic modulus slightly less than 2/3 of aluminium 
alloys and is therefore 20-25% lighter at equal bending stiffness but 
heavier than aluminium when equal stiffness in tension is considered. 
On a material cost per weight basis magnesium is slightly more 
expensive than aluminium. However, on a volume for volume basis it is 
comparable with aluminium and about half the price of zinc. 
Magnesium prices have exhibited a long term stability. The major 
production resources are situated in areas free from political instability 
unlike plastics, which being derived primarily from petroleum based 
products, fluctuate in price dependent upon OPEC's oil production 
quotas [6,10,20]. 
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Compared on a weight, price and strength basis magnesium IS an 
attractive alternative to plastics, aluminium and zinc [6,8]. 
The relative power required to machine magnesium alloys is the lowest 
among the common metals, sequentially from aluminium alloys, brass, 
cast iron, mild steel to nickel alloys. Also it consumes less energy in die 
casting production than aluminium and zinc because total heat released 
to dies per unit volume is lower [20]. 
Magnesium does not require uniform wall thickness to facilitate the 
moulding process and to achieve mechanical properties. Plastics are 
inferior on this point [21]. 
The current competition between plastics and metals for EMI shielding 
is dependent on both the inherent advantages and disadvantages of these 
materials in such applications and also on the evolving 
aesthetic/electronic/mechanical requirement of the enclosures. For 
computer components, actuator arms for disk drives and mobile 
communication applications magnesium has shown its advantages over 
plastics [4,10,18]. 
The thinner wall casting capability and lower density of magnesium can 
be exploited to advantage because at high frequencies, magnesium 
provides more effective shielding than aluminium and therefore can 
provide a weight and cost reduction over die cast aluminium [10]. 
Magnesium can be machined at very high cutting speeds and feeds. Also 
a single cut will usually give an excellent finish, whereas with other 
metals this would be obtained only with two or more cuts [10]. 
Fire hazard is principally associated with finely divided magnesium. It 
can be encountered in machining or grinding operations. In ·contrast it is 
very difficult for a casting to catch fire because a large amount of heat 
is required to raise the temperture to the melting point for the piece to 
burn freely. The methods of extinguishing a magnesium fire involve 
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using the normal strategies of cooling, removing oxygen, or letting the 
magnesium be totally consumed. Water should not be used because it 
promotes a reaction producing heat and hydrogen supporting explosions 
[22]. 
Corrosion has been ,a problem with magnesium alloys. However the 
development of high purity alloys has reduced this susceptibility. The 
most harmful conditions that should be avoided are the presence of 
acidic water or water containing chlorides [10]. Another problem is 
galvanic corrosion. This occurs through contact between two dissimilar 
metals in a moist or aqueous environment. One metal's corrosion can be 
accelerated whilst the other is protected. This corrosion must be 
controlled by appropriate design, manufacturing and maintenance 
practices [10-12]. 
Magnesium sand casting and wrought alloys can be welded by 
conventional arc welding processes. High pressure die castings made in 
conventional cold-chamber machines cannot be welded while only a 
limited range of those made in hot-chamber machines can. It is not 
recommended to join magnesium alloys by brazing or soldering. Also it 
is necessary to establish precautions to ensure that dissimilar materials 
are not introduced to make joints because this may initiate galvanic 
corrosion [10]. 
2.6 Casting processes suitable for magnesium base alloys 
These processes can produce castings with cored internal features and 
thin sections, commensurate with their limitations. The quality of the 
casting is good and mechanical properties of the casting are often equal 
to or better than those for test bars cast from the same melt. Sand 
casting is suitable for low-volume production whereas permanent mould 
casting is suitable for high-volume production. Both processes can 
produce relatively large castings but the cost of castings is generally 
higher than for die casting. Specific mechanical properties of these 
castings, which is calculated from each property divided by the density 
of magnesium, are competitive with other materials. 
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High-pressure die casting is particularly suitable for magnesium castings 
requiring accurate dimensions. The relatively low heat content reduces 
the requirement for heat extraction from dies during the cooling period 
of the casting cycle, thus the production rate is faster than for 
aluminium. Magnesium's lack of reactivity with iron and lower pouring 
temperture ensures a long die life. Metering and handling equipment for 
molten metal can be constructed of steel. This process provides the 
lowest cost for high volumes of intermediate size castings. Mechanical 
properties of these castings are competitive with aluminium or zinc. 
Low-pressure die casting generally provides better quality than highc 
pressure die casting. Intricate designs can be cast using this process. 
However the cost of such castings is higher than those produced by 
high-pressure die casting, although it is lower than those produced by 
sand or permanent mould casting. 
Investment casting is a process which provides high quality, extremely 
accurate dimensions and complex casting shapes. Blind holes and re-
entrant angles can be produced by this process. The special 
characteristic of this process is the production of castings with thin walls 
and exceptionally high mechanical properties, however the cost of 
castings produced by this process is high [23]. 
2.7 Metallurgical aspects of Magnesium base alloys 
2.7.1 The classification of Magnesium base alloys 
The principle of this classification is based on the addition of alloying 
elements to the magnesium base material. The significant groups are 
listed below. 
A) Zirconium-free casting alloys 
Magnesium-aluminium alloys 
Magnesium-aluminium-zinc alloys 
Magnesium-zinc alloys 
Magnesium-zinc-copper alloys 
B) Zirconium-containing casting alloys 
Magnesium-zinc-zirconium alloys 
Magnesium-rare earth-zinc-zirconium alloys 
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C) Magnesium-thorium casting alloys 
D) Magnesium-silver casting alloys 
E) Magnesium-yttrium casting alloys 
The details of each group are described as follows:-
A) Zirconium-free casting alloys 
Magnesium-aluminium alloys 
This group contains the magnesium cast alloys used since the First 
World War. Most alloys contain 8-9% aluminium as the primary 
alloying element with a small amount of zinc as the secondary alloying 
element and 0.3% manganese. Zinc improves tensile properties while 
manganese improves corrosion resistance. This alloy solidifies with a 
sufficiently fine grain size to meet most property requirements. It is 
highly castable and has a minimum tendency towards hot cracking 
which is minimised with increasing zinc content. However, it is 
susceptible to microporosity. Generally these alloys are suitable for use 
at temperatures up to 110 - 120· C. An alloy with lower aluminium 
content, e.g. 4% with 0.8% silicon, can be used up to 150 - 170·C and 
has higher creep strength although its fluidity is reduced. The lower 
content of aluminium also reduces its corrosion resistance and an 
addition of 0.2% antimony is required to counter this effect. At present 
these is little commercial application of this group. 
Magnesium-aluminium-zinc alloys 
Although the addition of zinc to Mg-Al alloys provides some 
strengthening its use is limited because it increases susceptiblity to hot-
cracking during the solidification of die castings. The level of zinc is 
inversely related to the aluminium content. The two common alloys in 
this group are AZ63 and AZ91. The latter has relatively high fatigue 
strength. They are more widely used than the Mg - Al alloy group. An 
historical application is the Volkswagen motor car's crankcase for the 
rear engined vehicle design. Substitution of AZ81 magnesium alloy for 
cast iron reduced engine weight by 50 kgs. 
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There are many disadvantages to these alloys. Microshrinkage proneness 
makes it difficult to achieve consistent quality. Because the porosity 
tends to be orientated at right angles to the casting surface pressure 
tightness is a problem. It can be achieved by impregnation techniques 
but these require several operations and increase costs. A rapid 
reduction in mechanical properties when these alloys are used above 
120
0 
C is another disadvantage, even though used in the T6 heat 
treatment condition. The alloys are susceptible to stress-corrosion 
cracking if the stress levels exceed 50% of proof stress. 
The AZ88 (Mg-8AI-8Zn) alloy, which contains a relatively high zinc 
content, is claimed to have sufficient fluidity for pressure die casting. 
Fluidity and corrosion resistance are claimed to exceed those of the 
traditional alloys such as AZ91. Alloys with a zinc content of up to 12% 
and low aluminium content, are being investigated for die casting 
because this lower aluminium content improves subsequent plating 
characteristics. 
Magnesium-zinc alloys 
These alloys are not used for commercial castings because neither 
superheating or inoculation methods can be used for grain refinement. 
They are also susceptible to microporosity and hot cracking, especially 
as the zinc content is increased. These alloys respond to age hardening 
and the extremely effective precipitation hardening reactions of the Mg 
- Zn binary gives high strength with good ductility. 
Magnesium-zinc-copper alloys 
An improvement in ductility and a relatively good response to age 
hardening are provided by the addition of copper to binary Mg - Zn 
alloys. These alloys exhibit tensile properties similar to AZ91 alloy and 
these properties are more reproducible. In addition, elevated 
temperature stability is improved. 
For ZC63 or ZCM630 sand casting alloys (Mg-6Zn-3Cu-0.5Mn) the 
addition of copper raises the eutectic temperature which permits the use 
of higher solution treatment temperatures to ensure maximum solution 
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of zinc and copper. The precipitation's density is much greater and 
more uniform when copper is present. The addition of manganese 
provides stability to the ageing response and can also reduce the rate of 
overagemg. 
The presence of copper in Mg-Al-Zn alloys is harmful to their 
corrosion resistance although this appears not to be a problem in Mg-
Zn-Cu alloys. Comparing fatigue strength in the unnotched condition, 
Mg-Zn-Cu alloys are better than Mg-Al-Zn alloys whereas both kinds of 
alloys have equivalent values in the notched condition. 
Many casting processes can be used to produce Mg-Zn-Cu alloys, for 
examples: sand, gravity die or precision casting. Their microshrinkage-
free characteristics enable pressure tight castings to be produced without 
impregnation. Tungsten-inert gas welding can be applied to weld these 
castings. These alloys offer crucial improvements over Mg-Al-Zn alloys 
for critical high strength castings. 
B) Zirconium-containing casting alloys 
Binary Mg-Zr alloys are unsuitable for commercial applications. 
Alloying elements which are compatible with zirconium are added to 
improve the founding characteristics and properties desired of the alloy. 
In relation to properties the objective is tensile properties' 
improvement, including higher ratios of proof stress to tensile strength, 
and high creep resistance. These requirements are especially needed to 
serve the aerospace industries. Generally the maximum solubility of 
zirconium in molten magnesium is 0.6%. 
Magnesium-zinc-zirconium alloys 
The addition of zirconium to refine the grain size in the Mg-Zn alloy 
resulted in the introduction of ZKSl (Mg-4.SZn-O.7Zr) and ZK61 (Mg-
6Zn-0.7Zr) alloys. Normally the former is tempered to TS while the 
latter, which is higher in strength, is tempered to T6. These alloys have 
the disadvantages of microporosity susceptibility and non-weldability, 
which are problems that limit their practical application. 
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Magnesium-rare earth-zinc-zirconium alloys 
The phase diagrams for Mg-RE systems, such as Mg-Ce, Mg-Nd and 
Mg-La, are similar. Each one is a simple eutectic. Generally cerium 
misch metal, which has an average composition of 49% Ce, 26% La, 
19% Nd and 6% Pr, is added to magnesium. This provides good casting 
properties, associated with the relatively low melting point eutectics, 
with microporosity suppression. The addition of zirconium, about 
0.7%, will refine grain size to increase the strength of these alloys. The 
addition of RE overcomes the problems associated with Mg-Zn alloys. 
Mg-RE-Zn-Zr alloys, such as EZ33 (Mg-3RE-2.5Zn-0.6Zr), have 
largely replaced Mg-RE-Zr alloys in commercial acceptance. Also Mg-
RE-Zn-Zr alloys, such as EZ33 and ZE41, are widely used for castings 
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exposed to elevated temperatures up to 250 C with a good creep 
resistance. Their good creep resistance can be explained by the 
strengthening effect associated with the precipitation of RE elements in 
the grains, with the grain boundary phases possibly contributing by 
reducing grain boundary sliding. However, the precipitation process in 
Mg-RE systems is not completely understood. Also the role of zinc in 
increasing strength is uncertain. 
ZE63 alloys, with 6% zinc and 3% rare earth metal, produce the 
combination of high tensile properties of ZK51 and the good castability, 
with freedom from microporosity, of EZ33. Castings in this alloy also 
show high elongation values and outstanding fatigue resistance. The 
composition (Mg-5.8Zn-2.5RE-0.7Zr), that was finally developed, has 
important usage in the aircraft industry although its use is limited. The 
slowness of penetration in hydriding restricts this alloy to fairly thin 
section casting production. 
The response of these alloys to heat treatment and their mechanical 
properties depend on the individual RE elements which give different 
influences. Generally the response increases in the order of lanthanum, 
misch metal, cerium and didymium (72% neodymium) respectively. 
Cerium is marginally better than misch metal over the useful addition 
range of these elements which is below 3%, but the cost of its separation 
from the other rare earths precludes its independent use. 
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C) Magnesium-thorium casting alloys 
Thorium is added to improve many properties including creep 
resistance in service at temperatures up to 3S0 0 C. It also improves 
casting properties. Alloys based on the Mg-Th system can be welded. 
The microstructures of Mg-Th-Zr alloy in the as-cast condition are 
similar to Mg-RE-Zr alloys. These alloys generally have a T6 ageing 
treatment. Both Mg-Th-Zr and Mg-RE-Zr alloys are similar in their 
ageing responses. The most common commercial alloy in this system is 
HK31A which has the composition: Mg-3Th-0.7Zr. 
The addition of zinc to the Mg-Th system has produced new alloys like 
HZ32A (Mg-3Th-2.2Zn-0.7Zr) and ZH62A (Mg-S.7Zn-1.8Th-0.7Zr). 
Zinc increases creep strength. The optimal ratio between Th and Zn is 
1.4 : 1. An acicular phase predominates in the grain boundaries of the 
microstructure of these alloys. The good creep properties of these 
alloys, especially in HZ32A, is attributed to the presence of the acicular 
phase. The influence of zinc on precipitation in Mg-Th alloys is not 
understood. It is noted that ZH62A alloy has a relatively high strength at 
room temperature. 
D) Magnesium-silver casting alloys 
Several commercial compositions were developed to provide better 
properties. The principal requirement was for the development of alloys 
having tensile properties, up to 2S0 0 C, which exceeded any other 
magnesium alloys and were comparable with the high-strength 
aluminium casting alloys. The addition of silver increases the relatively 
low tensile properties of age-hardened Mg-RE-Zr alloys. Their tensile 
properties at room temperature are similar to high strength Mg-Zn-Zr 
alloys such as ZKS 1. Also they have good casting and welding 
characteristics. Substitution of normal cerium-rich misch metal with 
didymium misch metal (average composition 80%Nd, 16%Pr, 2%Gd & 
2%others) increases strength attributed to the presence of neodymium. 
The QE22 (Mg-2.SAg-2RE(Nd)-0.7Zr) alloy is most widely used. The 
optimal heat treatment for this alloy is as follows:- solution treatment 
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for 4.8 hours at 525°C, cold-water quench and age 8-16 hours at 200°C. 
The addition of silver (less than 2%) in this alloy appears to produce a 
similar precipitation response to that in Mg-RE alloys. Also this 
involves Mg-Nd precipitation's formation. Higher silver content can 
apparently modify precipitation and increase the volume fraction of 
particles. This alloy has been used for many aerospace applications such 
as aircraft landing wheels, gearbox housings, helicopter rotor fittings, 
etc. In these alloys tensile properties are maintained up to 250
0 
C and 
° creep resistance up to 200 C. Due to the high cost of silver, substitution 
by copper has been tried. Despite the relatively low solubility of copper 
in magnesium, which is about 0.55% maximum at eutectic temperature, 
there has been some success. The further development of QE22 is 
concerned with extending the elevated operating temperature of 
working stability especially for gas turbine applications. 
The QE21 alloy was developed by replacing silver with RE(Nd). Its 
normal composition is Mg-2.5Ag-1Th-1RE(Nd)-0.7Zr. The presence of 
thorium in this alloy reduces the solid solubility of neodymium. The 
precipitation during ageing treatment is not only refined in size but also 
has a slower rate of coarsening. 
E) Magnesium-yttrium casting alloys 
Yttrium has a maximum solid solubility of about 12.5% in magnesium. 
This is greater than Thorium or the rare earth elements. The alloy with 
about 6% yttrium and 2% neodymium provides maximum strengthening 
combined with an acceptable level of ductility. Both alloying elements' 
addition result in a progressive increase in the eutectic content of the as-
cast alloys. During solution treatment of these alloys the yttrium is 
nearly completely dissolved. An yttrium misch metal, which is a less 
pure grade and cheaper, is substituted for pure yttrium in commercial 
use. It contains 75% of yttrium combined with various heavy rare earth 
metals such as dysprosium and erbium. The disadvantage of these metals 
is that they restrict neodymium's solid solubility. That results in a 
compromise between tensile strength and castability. 
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It is recommended that these alloys be processed in an inert atmosphere 
using fluxless melting (argon plus 0.5 volume % SF6) because yttrium 
is lost by reaction with MgCl2 in flitxes based on alkali and alkaline 
earth halides during flux melting. 
The WE54 alloy, which is Mg-5.25Y-3.5RE-0.45Zr in normal 
composition, is superior in many properties to other magnesium alloys, 
particularly in corrosion resistance. Also it is comparable with the best 
of aluminium casting alloys such as A356. No evidence of stress-
corrosion cracking has been detected with stress levels up to 100% of 
the proof stress [24,25]. 
2.7.2 Designation of commercial alloys in the ASTM 
Standard 
There are no international codes for designating magnesium alloys. The 
American Society for Testing and Materials (ASTM) is the standard of 
codification that is generally accepted. The method of designation for 
alloy castings is referred to in ASTM Standard Practice B 275, 'B' 
indicates a non-ferrous specification. There are three parts to the coding 
of the chemical composition of an alloy. Each part is explained in the 
following paragraphs. 
The first part indicates the two principal alloying elements according to 
the following alphabet:-
A - aluminium 
B - bismuth 
C - copper 
D - cadmium 
E - rare earths (misch metal) 
F - iron 
G - magnesium 
H - thorium 
K - zirconium 
L - lithium 
M - manganese 
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N - nickel 
P - lead 
Q - silver 
R - chromium 
S - silicon 
T - tin 
W - yttrium 
Y - antimony 
Z - zinc 
There are some elements in the list, such as iron, that are not used as 
alloying elements in magnesium. The system is used for both aluminium 
and magnesium. 
The two main alloying elements are arranged in order of decreasing 
percentage. If the percentages are equal, they are arranged in 
alphabetical order. 
The second part indicates the nominal amounts of the two principal 
alloying elements. It consists of two digits corresponding to rounded-off 
percentages of those elements. Also each digit is arranged in the same 
order as the alphabetic order in the first part. 
The third part is designed to distinguish the same generic alloys which 
have the same details in the second part. This part is a letter of the 
alphabet assigned in order as compositions become standard. They are 
shown below: 
A - First compositions, registered ASTM 
B - Second compositions, registered ASTM 
C - Third compositions, registered ASTM 
D - HigH purity, registered ASTM 
E - High corrosion resistance, registered ASTM 
X I - Not registered with ASTM 
The additional temper designation is attached to the composltlOn 
specification's parts. The temper of an alloy means the present state of 
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heat treatment or cold work. Only variations of heat treatment are used 
to affect properties of castings. The details of ASTM temper 
designations and their meanings are shown in table 2.1. 
The full name of an alloy consists of both the composition and temper 
designation. If the temper designation is not important and only the 
composition is being referred to, the temper designation is omitted. 
For example, the designation AZ91B-F indicates the following details:-
AZ means that aluminium and zinc are. the two principal alloying 
elements. 
91 means a nominal composition consists of 9% aluminium and 1 % 
zmc. 
B means the second alloy, developed with the above aluminium and zinc 
composition, is principally used in die casting. It also indicates that a 
high residual copper level (0.35%) is permitted. 
F means this alloy is used in its as-cast condition [24-29]. 
2.7.3 The relevant designation of different standards in 
different countries 
There are other agencies in various countries which have written 
magnesium specifications. The significant ones are listed below: 
Germany: 
Great Britain: 
Japan: 
United States: 
DIN - Deutsche Norman 
BSI - British Standards Institution 
L Series - Aerospace Specifications 
JIS - Japanese Industrial Standards 
SAE - Society of Automotive Engineers 
AMS - Aerospace Material Specifications of the 
Aerospace Materials Division of the SAE 
MIL - United States' Military 
UNS - Unified Numbering System 
The alloys in one standard may be compared with the relevant or 
equivalent ones in other standards [26,27]. 
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Table 2.1 ASTM Temper Designations and Their Meanings 
[26, table 3.2 p 44] 
Temper 
Designation 
F 
° 
H 
T 
Subdivisions 
HI 
H2 
H3 
T4 
T5 
T6 
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Meaning 
As fabricated, whether cast or wrought. 
Annealed, recrystallized wrought product. 
The softest temper. 
Strain-hardened wrought products. Always followed 
by two or more digits to indicate the degree of strain 
hardening present. 
Thermally treated to produce stable tempers other 
than F, 0, or H. Always followed by one or more digits 
to indicate the specific treatment. 
Strain hardened only. Followed by a digit to indicate 
the amount, from 0 (annealed) to 8 (full hard). 
Strain hardened and then partially annealed. 
Followed by a digit to indicate the amount, 
from 0 (annealed) to 8 (full hard). 
Strain hardened and then stabilised. 
Followed by a digit to indicate the amount of strain 
remaining, from 0 (annealed) to 8 (full hard). 
Solution heat treated and aged at room temperature to 
a substantially stable condition. Most magnesium 
alloys remain in the metastable, single-phase, 
fully solution heat treated state. 
Cooled from an elevated-temperature shaping process 
(e.g., casting or extrusion) and then artificially aged at 
an elevated temperature to improve properties or 
stability. 
Solution heat treated and then artificially aged at an 
elevated temperature. 
Solution heat treated and then stabilised at a elevated 
temperature. 
Solution heat treated, cold worked, and then 
artificially aged at an elevated temperature. 
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2.7.4 The influence of various alloying elements in 
magnesium base alloys 
Alloying elements are added to magnesium to improve the properties 
and performance in engineering applications. These alloying elements 
have been used to develop many commercial magnesium alloys to meet 
a variety of property and processing needs. 
This following summary provides further details about the alloying 
elements. Some of this information was provided in section 2.7.1. 
Zinc. This was the earliest used alloying element. It acts as a hardening 
agent helping to refine the grain structure and also improves fluidity. 
However, high contents of zinc can lead to castings having hot cracking 
and microporosity problems. In addition alloys containing more than 
about 1 % zinc can be prone to weld cracking. Zinc is generally used 
with aluminium or zirconium in magnesium base alloys. It strengthens 
by solid solution and precipitation hardening. In magnesium alloys up to 
6% of zinc is commonly used. 
Aluminium. Increasing the aluminium content increases castability 
through improvement of fluidity. However, its incremental addition 
increases the alloy's long freezing range and promotes microporosity. 
Aluminium hardens the alloy and produces some grain refinement. It 
strengthens through solid solution and precipitation hardening in the 
form of Mg17 All 2 or MgAI intermetallic compounds. If they are 
present as largely and/or nearly continuous grain boundary precipitates, 
this will lead to low strength and ductility. For this reason sand and 
permanent mould cast Mg-AI alloys must be heat treated. They require 
an extended solution treatment time due to the slow diffusion rate of 
aluminium in magnesium. Up to 10% aluminium is commonly used. 
Aluminium and zinc are relatively soluble in solid magnesium. At low 
temperature their solubilities decrease. The details of their solubilities 
are 12.7% by weight at 437·C and 3.0% at 93·C for aluminium; 6.2% 
• • 
at 340 C and 2.8% at 204 C for zinc. 
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Manganese. It improves corrosion resistance and also has a small 
effect on the alloy's strength. It is particularly effective in improving 
the corrosion stability of magnesium alloys that contain aluminium and 
zinc. Its disadvantages are a reduction of fatigue strength and tendency 
to provide grain size coarsening. Up to 2% can be used but this should 
be less if manganese is used in conjunction with aluminium and zinc. 
Silicon. Its advantages are wear resistance and improvement of 
elevated temperature properties. This is due to Mg2Si precipitation. An 
excess of silicon reduces ductility. The formation of coarse constituents 
during slow cooling restricts the use of silicon to die casting alloys. 
Rare earths. Rare earths can improve castability and resistance to 
microporosity and hot tears, especially the presence of cerium. 
However, the alloys are susceptible to oxidation problems during 
melting and casting. For Mg-Zn-Zr alloys its addition can reduce 
cracking tendency. The addition is made to improve high temperature 
. properties. Rare earths increase therecrystallization temperature and 
form stable matrix and grain boundary precipitates, possibly rare earth 
aluminides, to improve elevated temperature properties. Rare earths 
need to be combined with zirconium for grain refinement to prevent 
embrittlement by a stable rare earth-zinc grain boundary phase. This 
compound's formation limits the strengthening achievement with a high 
zinc content. Also a rare earth hydride is formed through decomposing 
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the compound in a solution treatment in hydrogen. At 482 C less than 
1.0% by weight of manganese, zirconium and cerium can be soluble in 
magnesIUm. 
Silver. The age hardening properties of castings can be improved by 
the addition of silver in combination with rare earths and zirconium. 
The combination of silver with neodymium and thorium forms 
precipitates which improve both room temperature and elevated 
temperature mechanical properties. 
Thori urn. This element improves the creep strength, other high 
temperature properties, castability, resistance to microporosity and hot 
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tearing, and also fatigue strength enhancement. These effects are similar 
to those obtained by the addition of rare earths. A disadvantage is the 
susceptibility of the alloy to oxidation problems. Elevated temperature 
behaviour can be improved by combination with zinc providing that the 
proper ratio of Th/Zn is maintained. Generally it combines with 
zirconium in commercial alloys. Less than 2% of thorium is used for 
alloying purposes. At the eutectic temperature 4.5% thorium can be 
soluble in magnesium. 
Zirconium. It forms stable intermetallics in the aluminium or 
manganese-free alloys. They provide improved room temperature and 
elevated temperature mechanical properties through grain refinement 
and dispersion hardening. 
For aluminium and manganese alloys the addition of zirconium forms 
insoluble compounds in magnesium. Such alloys can be hardened by 
precipitation treatment. 
Generally zirconium has a strong grain refinement effect, increasing 
strength and reducing microporosity. It is only slightly soluble in 
magnesium and is usually present in very small quantities. Up to about 
0.7% is commonly used [25,27,28]. 
2.7.5 The properties of cast alloys 
Tensile and Compressive Strength, Ductility 
Typical values of mechanical and physical properties of magnesium 
alloy castings can be obtained by testing separately cast specimens. Cast 
magnesium has a compressive yield strength which is approximately 
equal to its tensile yield strength. Generally all casting alloys have the 
same values of Poisson's ratio, tensile and shear moduli. The tensile 
modulus decreases with applied stress. For example, there is not always 
a linear relationship between elastic stress and strain; also elastic 
deflection can be underestimated from using the values in handbooks. 
Most magnesium alloys have ratios of tensile strength to density and 
tensile yield strength to density which are comparable to those of other 
common structural metals. 
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When compared with aluminium casting alloys they can generally 
provide equivalent tensile strength. Exceptions are die cast 380 
aluminium and permanent mould and die cast 390 aluminium which 
have higher strengths. Measured by total tensile elongation the ductility 
can be equivalent or even better. The yield strengths are generally 
lower with the exception that there is a similarity between die cast 
AZ91 magnesium and 380 aluminium. 
Generally heat treatment is employed with the reason that as-cast (F) 
sand and permanent mould castings provide low values of yield 
strength, tensile strength and total elongation. With T4-solution 
treatment alone it provides high tensile strength and high ductility, but 
still low yield strength. T6-solution treatment and artificial ageing will 
raise the yield at the expense of ductility. T5-ageing only and T7-
solution treating with overaging provide different combinations of 
tensile and yield strengths. Normally die castings are used in the as-cast 
condition which provides intermediate combinations of strength and 
ductility. 
The effects of test variables on tensile properties are important. 
Frequently it is necessary to determine tensile properties on specimens 
that are machined from castings in which the surface condition, size and 
shape differ from standards. Some countries use a different strain offset 
to define the engineering yield strength. Sometimes the measurement of 
the gauge length over total elongation is different. An awareness of the 
effects of test variables is essential when such data are used or 
compared. 
Properties (such as yield strength, tensile strength and percentage 
elongation) obtained from actual castings can be significantly lower than 
those determined from the standard cast-to-shape specimens. For sand 
casting the reasons are the slower cooling rate in heavier or thicker 
sections which has an effect on grain size, the amount and distribution 
of porosity and microshrinkage, and the size and distribution of 
secondary phases in the microstructure. For die casting the effect of 
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cooling rate differences due to the vanatIOns in die and metal 
temperature is the main reason. It affects the size and distribution of 
secondary phases and also the amount and distribution of porosity. 
Tensile strengths of investment mould and shell mould castings compare 
favourably with those of sand and permanent mould casting. As a result 
it is recommended that testing should be conducted to validate the 
casting process, using samples machined from critical areas of the 
casting. 
Wear Resistance and Hardness 
Cast magnesium alloys are normally softer and less wear resistant than 
cast aluminium alloys. However magnesium alloys have sufficient 
hardness for all structural applications except those involving severe 
abrasion. From observations it appears that their abrasive resistance 
varies by only about 15 to 20%. Magnesium castings are applied 
successfully in some wear applications. They are subjected to wear by 
rubbing, frequent removal of studs, or heavy bearing loads. Protection 
can be provided by metal (e.g. steel, bronze) or suitable non-metallic 
inserted materials, attached as sleeves, liners, plates, bushings, or 
bearings. In casting, inserts may be cast in place. 
The conditions for magnesium alloys to perform as satisfactory bearing 
materials should be : 
1. Loads do not exceed 14 MPa (2ksi). 
2. Shafts are hardened (350 to 600 HB). 
3. Lubrication is ample. 
4. Speeds are low (5 mls or 1000 ft/min, max). 
o 
5. Operating temperature does not exceed 105 C. 
Impact Strength 
Generally cast magnesium alloys have very low impact strength. 
Low Temperature Behaviour 
The performance of magnesium alloys is not adversely affected by low 
temperature. They exhibit an increase in yield strength, tensile strength 
and hardness but a decrease in their ductilties. They do not exhibit a 
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ductile-brittle transition at low temperature like aluminium alloys. The 
elastic modulus, the notched and unnotched yield and tensile strengths 
remain constant, or slightly increase, while the temperature decreases. 
Total elongation can be slightly increased or decreased. The effect of 
impact properties is shown to be minimal. For automotive applications 
it is assumed that tensile properties at low ambient temperatures are 
identical to the room temperature values. 
Elevated Temperature Behaviour 
Compared with cast aluminium alloys, magnesium alloys are generally 
inferior in elevated temperature behaviour. Ultimate and yield strengths 
are affected unfavourably. Although developed to improve upon the 
creep resistance of AZ91, AS41 still does not perform comparatively to 
die cast 380 aluminium. Its elastic modulus significantly decreases with 
increasing temperature. The addition of alloying elements such as rare 
earths, thorium, zirconium and silver can improve the elevated 
temperature properties which can be comparable to or better than 
aluminium casting alloys (excluding 390 aluminium). The Mg-Th alloys 
have the greatest resistance to creep at 205 and 315"C while the Mg-Al-
Zn alloys have the lowest resistance. The former also has better 
modulus of elasticity at elevated temperatures than the latter. 
The evaluation of mechanical properties of magnesium alloys at elevated 
temperatures are considered below: 
I. Short-time tests in which the strength is determined by bringing the 
test specimen up to temperature then testing immediately. 
2. The determined strength at elevated temperature after prolonged 
heating. 
3. The effect on room temperature properties of heating at elevated 
temperature for short and long times. 
4. Creep testing measures the deformation produced by prolonged 
heating under load. 
Parts design for service at elevated temperatures under continuous loads 
is based on maximum allowable deformation. 
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Fatigue 
Magnesium alloys, as determined using laboratory test samples, have a 
relatively wide scatter band which is similar to other metals' 
characteristics. Their S-N curves have a gradual change in slope then 
become essentially parallel to the horizontal axis at 10 to 100 million 
cycles. Wrought products' fatigue strength is higher than cast test bars. 
Also the information about fatigue is limited. Most data are available 
for sand casting alloys. It has been claimed that die casting alloys 
provide similar comparative results. Sand castings in magnesium and 
aluminium generally have similar fatigue strengths in the high 
stress/short life condition. Magnesium may perform better under low 
stress/long life conditions. 
Surface condition is the significantly critical effect in addition to the 
minor effects of composition and heat treatment on fatigue. Sharp 
notches, small radii, fretting and corrosion are more likely to reduce 
fatigue life than variations in chemical composition or heat treatment. It 
has been proved that increasing surface smoothness improves fatigue 
failure's resistance. For this reason machining, grinding and shot 
peening can be beneficial to fatigue resistance. However, overly severe 
peening can reduce fatigue strength so it must be properly controlled. 
Cast magnesium has been found to be more notch sensitive than cast 
aluminium. It also loses fatigue resistance at elevated temperature. In 
conditions of fatigue under high applied stress combined with severe 
stress concentration or an elevated temperature application, magnesium 
performs less well than aluminium. A decrease in notch severity 
decreases the effect on fatigue limit. When fatigue is the controlling 
factor in design every effort should be made to decrease the severity of 
stress raisers which lead to fatigue failure. 
For improving environment resistance chromate conversion and coating 
can be used. In addition the use of an alkaline cleaner or shot peening 
before acid cleaning also can prevent this problem. Coating will also 
improve the fatigue and corrosion fatigue resistance. 
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Damping 
The damping capacity of various cast metals increases in the following 
order: 
Aluminium alloys -----------(lowest) 
Zinc alloys 
AZ91 magnesium 
AS41, AM60, EZ33 magnesium; cast iron 
K I magnesium 
Unalloyed magnesium ------(highest) 
Magnesium's damping ability is attributed to a high elastic anisotropy 
produced by twinning and untwinning. A significant reduction of 
damping ability is caused by alloying additions, strengthening heat 
treatments, and mechanical working. Unfortunately those magnesium 
alloys with lower strengths generally have the higher damping capacity. 
With this reason its effectiveness as a sound attenuator in automotive 
applications, such as engine and transmission components, could be 
restricted. 
Corrosion 
Many different chemical species have been identified which promote 
magnesium corrosion. The most significant are chlorides. Others are 
methyl alcohol or its blends, tetraethyl lead and ethylene dibromide 
(octane additive), fluorinated hydrocarbons (e.g. Freon), ethylene 
glycol solutions and some lubricating oils at elevated temperature. 
To improve salt water corrosion resistance the following impurity 
elements must be controlled: nickel, iron, copper and cobalt. The 
presence of manganese can increase the tolerance of iron, nickel and 
copper. Relatively large amounts of zinc can increase the alloy's 
tolerance for iron and it also has similar effects with nickel and copper 
to a limited extent. Due to iron removal salt water resistance is 
significantly improved with small additions of titanium. Aluminium 
adversely affects the tolerance for iron in magnesium alloys. 
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The effect of heat treatment on corrosion resistance is variable 
depending on the alloy and impurity levels. Shot and grit blasting, wire 
brushing, or similar methods of mechanical cleaning can increase 
corrosion rate while cold working does not affect corrosion rate. 
Magnesium's corrosion and oxidation rates increase at elevated 
temperature. Rare earths can reduce oxidation in magnesium. Beryllium 
can minimise melt loss and also reduce oxidation. 
Galvanic corrosion occurs when two dissimilar metals are in contact in 
a moist or aqueous environment. Corrosion of one metal can be 
accelerated while another one is protected. The degree of both metals' 
acceleration is dependent on their corrosion potentials' difference. 
Magnesium is the most chemically reactive of all structural materials in 
most electrolytes and also has little tendency to polarise in most 
environments, so it is essential to have proper precautions and design to 
prevent this problem [25,28]. 
2.8 Cast alloys in current use 
The most commonly used cast magnesium alloys, based on the ASTM 
classification through composition and codification, are listed below: 
1) Mg-AI-Mn with and without silicon or zinc (AM, AS and AZ) 
2) Mg-Zr (K) 
3) Mg-Zn-Zr with and without rare earths (ZK, ZE and EZ) 
4) Mg-Th-Zr with and without zinc (HK, HZ and ZH) 
5) Mg-Ag-Zr with rare earths or thorium (QE and QH) 
The first group 
Most of the alloys in this group are die casting alloys. The well known 
ones have AZ codes. AZ91 C and AZ8l A have been developed to 
replace AZ63A and provide good ductility and moderately high yield 
o 
strength up to 120 C. Also AZ92A has taken the place of AMlOOA. In 
Mg-AI-Zn alloys, aluminium's incremental content increases yield 
strength but decreases ductility for comparable heat treatment. Alloys in 
this first group have good castability. The final selection of their 
specific compositions may be based on finished casting tests. 
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The presence of copper (maximum 0.30%) lowers the corrosion 
resistance of AZ91B compared to AZ91A although its mechanical 
properties are not affected. In addition it can be made from secondary 
metal which provides cost savings. AZ alloys are generally used for as-
cast die castings. 
For better elongation and toughness than AZ91A and AZ9IB, AM60A 
is recommended. However it is inferior to both alloys in tensile and 
yield strengths. Some archery equipment and automotive wheels are 
produced from this die cast alloy. 
Up to 17S·C, AS4lA can provide superior creep strength to other alloys 
in this group while it maintains good elongation, yield and tensile 
strengths. Crankcases of air-cooled automotive engines are one of the 
examples of the use of this alloy. 
The second group 
High damping capacity with low tensile and yield strength are the main 
properties of KIA alloys in this group. 
The third group 
They are higher in cost than the first group. For complicated castings 
requiring high yield strength, ZK and ZH alloys are recommended. 
ZK61A, which is slightly higher in zinc content, has greater strength 
than ZKSI A. After TS artificial aging treatment both alloys maintain 
their high ductility. T6-solution treatment plus artificial aging of 
ZK61A increases its strength by 3-4% whilst maintaining its ductility. 
Both alloys have similar fatigue strengths to Mg-AI-Zn alloys. 
Microporosity susceptibility, hot cracking and reduced weldability are 
their disadvantages. These problems can be overcome through the 
addition of either thorium or rare earth metals. 
ZE4lA alloy provides better castability than AZ9lC or AZ92A with 
medium strength and good weldability. Its advantages are good fatigue 
and creep properties and freedom from micro shrinkage. Separately-cast 
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test bar properties are close to those obtained from the casting itself. 
This alloy can be used up to 160·C. ZE41A, which is similar to EZ33A, 
has higher tensile and yield strengths due to its higher zinc content. 
However, associated with the higher mechanical properties is some 
deterioration of castability and weldability. Examples in applications are 
aircraft engine, helicopter and airframe components including wheels 
and gear boxes. 
ZE63A is equivalent to ZK61A in strength properties. Those of ZH62A 
are equivalent to or better than ZKSIA. ZE63A, which is a high 
strength alloy, has excellent casting characteristics. Also it has excellent 
tensile and yield strength through a hydriding heat treatment in a 
hydrogen atmosphere. Hydriding proceeds from the surface and the 
limiting factors in heat treatment are time and penetrability. 
. . Up to 260 C Mg-RE-Zr alloys have better high temperature strength 
than Mg-AI-Zn alloys and provide an opportunity for weight saving. 
Porosity freedom and good strength stability at elevated temperatures· 
are the main advantages of EZ33A, Mg-RE-Zn-Zr alloy. Its castings 
have excellent pressure tightness but they tend to be more susceptible to 
inclusions of dross than Mg-AI-Zn alloys. EZ33A-TS has successfully 
replaced AZ92A-T6 in an engine housing used at an operating 
temperature from 120 to 20S·C. 
The fourth group 
• At temperatures of 200 C and higher HK31A and HZ32A (Mg-Th-Zr 
alloys) are superior to EZ33A in their properties. The former requires 
a T6-solution heat treatment and artificial aging while the latter, which 
has zinc in its composition, requires TS-artificial aging. In a few 
applications castings in these alloys are used up to 34S to 370' C. In 
contrast ZH62A (Mg-Zn-Th-Zr alloy) is intended for use at room 
temperature. 
HK alloys have adequate castability for production of complex parts of 
moderate to heavy wall thickness only. Because they are susceptible to 
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inclusion defect formation, due to gating turbulence, these alloys are not 
suitable for thin-wall parts which require rapid pouring rates. 
Comparing HK31 A and HZ32A, the former has high tensile, yield and 
o 
short time creep strength at all extensions up to 370 C while the latter is 
equal to or better than the former in short and long time creep strength 
o 
at all extensions to 260 C and slightly higher. In conclusion the latter 
has much better foundry characteristics and greater strength stability at 
elevated temperature than the former. . 
The fifth group 
Because of silver contents alloys in this group are relatively expensive. 
They have good castability and weldability. In order to obtain high 
mechanical properties solution and aging heat treatments are required. 
QE22A is a high tensile and yield strength alloy with fairly good 
properties up to 204°C. At room temperature QE2lA is similar to 
QE22A in properties while it is superior at elevated temperature from 
o 0 
204 C to 260 C [28]. 
The general characteristics of cast magnesIUm alloys are described 
briefly as follows [30,31] :-
AM60A is a die cast alloy used in the as-cast (F) temper condition for 
production of automotive wheels and other parts requiring good 
elongation and toughness combined with reasonable yield and tensile 
properties. 
AMIOOA is a pressure-tight sand and permanent mould casting alloy 
used in the T4 or T6 temper condition with good combination of yield 
strength, tensile strength and elongation in addition to weldability and 
good atmospheric stability. 
AS4lA is a die casting alloy used in the as-cast (F) temper condition 
with creep resistance superior to that of AZ9IA, AZ9IB, or AM60A up 
to 175 0 C. Also it provides good tensile strength, tensile yield strength 
and elongation. 
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AZ63A is a sand cast alloy used in the T4 or T6 temper condition with 
good strength, ductility and toughness. It has good salt-water corrosion 
resistance even with a high iron level. Because it is difficult to cast it is 
very seldom used. 
AZ81A is a sand and permanent mould casting alloy used in the T4 
temper condition with good strength and excellent ductility and 
toughness. It is readily castable with a low rnicroshrinkage tendency. 
AZ91A and AZ91B, which have the same nominal composition except 
for copper content, are die casting alloys generally used in the as-cast 
(F) temper condition. AZ91A, which has a lower allowable copper 
content, is used when corrosion resistance is required. While AZ91B is 
the most commonly used magnesium die casting alloy. 
AZ91C is a pressure-tight sand and permanent mould casting alloy used 
in the T6 temper condition for general purposes. It has moderate yield 
strength, high tensile strength and good atmospheric stability. It has 
good strength at room temperature and useful properties up to 175
0 
C. 
For these reasons it is the most commonly used Mg-Al-Zn alloy. 
AZ92A is a pressure-tight sand and permanent mould casting alloy with 
high tensile strength and good yield strength. 
AZ92C is a general purpose casting alloy, used in the T6 temper 
condition, with excellent strength at room temperature. It also has 
o . 
useful properties up to 175 C and good atmospheric stability. 
EQ21A is a heat-treated and pressure-tight casting alloy, used in the T6 
o 
temper condition, with a high yield strength up to 250 C. It is also 
weldable. 
EZ33A is a pressure-tight sand and permanent mould casting alloy, used 
in the T5 temper condition, with good strength up to 260
0 
C and creep-
resistance up to 250
0 C. It has excellent castability and is relatively free 
from microporosity. It is also weldable. 
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HK31 A is a pressure-tight sand casting alloy, used in the T6 temper 
• 
condition, which is creep-resistant up to 345 C for short time 
applications. It is also weldable. 
HZ32A is a pressure-tight sand casting alloy, used in the T5 temper 
condition, with moderate strength, an optimum combination of 
properties for medium- and long-time exposure at temperatures above 
• • 260 C and creep-resistance up to 345 C. It is also weldable. It can 
withstand higher stresses and higher temperatures than any other 
commercially available magnesium alloy. 
KIA is a casting alloy, used in the as-cast (F) temper condition, with 
high damping capacity. It has slightly better mechanical properties when 
die cast rather than sand cast. 
QE22A is a sand and permanent mould casting alloy, used in the T6 
• temper condition, with high yield strength up to 200 C. Castings have 
excellent short time elevated temperature mechanical properties. It is 
also pressure tight and weldable. 
QH21A is a casting alloy, used in the T6 temper condition, with good 
creep resistance and high yield strength up to 300· C. It is also weldable 
and pressure tight and is ideally suited to aircraft and aerospace 
components. Of particular importance to designers and stress engineers, 
this alloy can be specified for highly stressed components operating at 
• temperatures up to 249 C. 
WE54A was the first alloy in the magnesium and yttrium family and is 
used in the T6 temper condition to provide exceptional strength at both 
room and elevated temperature. 
ZE41 A is a pressure-tight sand casting alloy, used in the T5 temper 
condition, with better castability than ZE51 A and good strength up to 
• • 93 C. It is also weldable. It is usually stress relieved at 343 C. 
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ZE63A is a pressure-tight sand and investment casting alloy used in the 
T6 temper condition. It is also weldable and has excellent castability. It 
is especially useful in thin section castings for applications requiring 
high mechanical strength and freedom from porosity. To develop its 
properties a special heat treatment in hydrogen is required. 
ZH62A is a pressure-tight sand and permanent mould casting alloy used 
in the T5 temper condition for room temperature service. It is stronger 
than ZE41A and as castable. It is also weldable. Apart from ZK61A-T6 
and QE22A-T6 it gives the highest yield strength of all magnesium cast 
alloys. 
ZK51A is a sand casting alloy, used in the T5 temper condition, with 
good ductility and high yield strength. It has good strength at room 
temperature. For highly stressed parts, which are small or relatively 
simple in design, this alloy is appropriate. It does not require solution 
treatment. 
ZK61A is usually used in the T6 temper condition to fully develop its 
properties. Sometimes the T5 temper condition is preferred. It has 
excellent strength at room temperature. It has only fair castability but is 
capable of developing excellent properties in castings. It can be used for 
simple, highly stressed castings of uniform cross section and also for 
intricate castings subject to microporosity and cracking due to 
shrinkage. It is not readily welded and is high in cost. 
2.9 Casting processes 
2.9.1 The development of magnesium alloy casting 
There have been many developments in magnesium casting processes 
and technologies since the definitive "Principles of Magnesium 
Technology"[32] was published. The major problems in producing 
magnesium castings are concerned with ways to prevent oxidation and 
the achievement of casting quality with satisfactory properties. Apart 
from the prevention of oxidation one way of improving prop~rties is by 
the development of new magnesium alloys. New compositions of 
magnesium alloys have been developed through research to provide 
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improved elevated temperature performance, corrosion resistance, 
fatigue and creep resistance to meet the requirements of the automotive 
and aerospace industries. Another way of improving properties has been 
through the development of casting methods. The flux melting method, 
which was common in the 1960s' had disadvantages such as melt loss, 
sludge and slag inclusions. This affected the casting properties, 
particularly corrosion resistance. There were difficulties in controlling 
the cleanliness of the molten metal during pouring. To overcome these 
problems fluxless melting, using SF6 (sulphur hexafluoride) or 
mixtures to provide a protective atmosphere, was developed [33,34]. 
Together with the practical control of impurities in the melting of high 
purity magnesium alloys, the corrosion problem in magnesium alloys 
can now be overcome [35]. The reduction of turbulence during pouring 
of magnesium alloys improves casting quality. Gases occluded during 
pouring molten metal that are unable to escape will affect the 
mechanical properties and surface finish of castings and impair their 
quality. Chandley's counter gravity concept and principles were an 
initial idea used to solve the turbulence problem successfully [36-39]. 
The MEL Differential Pressure Casting Process (DPSC) developed by 
Magnesium Elektron Ltd. is an advanced technique which combines the 
fluxless melting method with vacuum counter gravity pouring of molten 
metal. This method is suitable for the production of castings for the 
aerospace industry, even by job shop work. It produces excellent quality 
castings [40-42]. 
2.9.2 Casting methods 
2.9.2.1 Melting and auxiliary pouring equipment 
Melting Furnaces 
Magnesium can be melted or held in the molten state in open pot, gas-
fired furnaces or coreless induction furnaces. Generally the indirectly 
heated crucible type of furnace is used, which is similar to those used 
for aluminium casting alloys. In contrast crucible materials and 
refractory linings are different in addition to process equipment design 
modifications. The distinctive points in using furnaces are justified in 
terms of investment, maintenance and efficiency. In addition the amount 
of metal being cast and the available capital in the budget are also 
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considerations when choosing a melting furnace. Indirectly heated 
crucible melting has a comparatively low thermal efficiency. An electric 
coreless induction furnace has advantages in high melt rates, low melt 
loss and flux consumption, low fume generation, lower running costs, 
and less floor space occupation than a fuel-fired unit. However, it has a 
higher initial capital cost and requires careful maintenance. 
The bale-out type of fuel-fired stationary crucible furnace is suitable for 
small castings which can be poured using hand ladling. Its advantages 
are good heat transfer to the charge and easy removal of any detached 
scale which forms on the outer surface of the crucible during the 
melting operation and a good design of furnace chamber which slopes 
toward a cleanout door. One problem of using this type of furnace is 
flame impingement on the thin crucible walls. This requires regular 
checking of the wall thickness to prevent molten metal leakage and a 
run-out pan capable of taking the full crucible content in case of 
leakage. 
In order to eliminate scaling and maintain the furnace's heating 
efficiency a nickel-chrome alloy cladding may be used on the outer 
heating surface of the steel crucible. 
It is recommended that the lining refractories of the furnace be high-
alumina refractories and high-density "superduty" firebrick of a typical 
57% Si and 43% Al composition. 
For electric-resistance crucible furnaces the cleanout door can be sealed 
with a sheet of low melting point material like zinc. Not only does it 
prevent the chimney effect which can accelerate oxidation of the 
crucible, but it also allows molten magnesium alloy to escape in a run-
out event. 
By using either a flux sprinkled on the molten metal or a fluxless 
technique, using 1 % SF6 gas, burning at or above the alloy's melting 
point is prevented. Although the former is still used in magnesium alloy 
39 
/ 
melting operation, the latter is more favourable in terms of quality, 
environment and cost. 
The type of casting operation determines the type and size of furnace. 
Crucibles range in size from about 30 to 910 kgs (60 to 2000 lbs.) 
capacity. The lift-out crucible type is normally used for a batch-type 
operation in a small jobbing foundry which produces a wide range of 
different alloys. A larger bulk melting unit is suitable for larger-scale 
operations but restricts the range of casting alloys. Normally the metal 
is distributed to holding crucible furnaces where metal treatments are 
practiced. The molten metal may then be either poured from the 
crucible or hand ladled to the casting mould. 
Pouring Ladles 
Pouring hand ladles, for taking the molten alloys from a furnace, are 
used for small castings. The ladles can be hemispherically shaped for the 
small castings or bucket shaped for slightly larger castings. Low carbon, 
low nickel steel of about 12 gauge (2.67 mm or 0.105 in. thick) is used 
to construct ladles. An overflow guard and a bottom-pour spout, to 
avoid flux contamination during pouring, are essential features of the 
ladles. Other items of metal handling equipment are sludge removal 
ladles, sludge pans, stirrers, puddling tools and skimmers. They need to 
have the same steel composition as the crucible. 
Thermocouples 
Iron-constantan- or chromel-alumel- type. thermocouples are 
recommended to control accurate temperature during magnesium 
alloys' melting process. In the melting and metal treatment process 
permanent temperature determination installations are suggested for 
easy reading at the appropriate stages. Light-gauge thermocouples in 
thermocouple protection tubes of either mild steel or nickel-free 
stainless steel are recommended. 
2.9.2.2 Physical Chemistry of Magnesium Melting and 
Precautions 
40 
While magnesium is molten, it tends to oxidise and burn. A loose and 
permeable oxide coating on the molten magnesium alloys' surface is 
formed. This oxide film on solid magnesium starts to dissipate at about 
450
0 
C. Oxygen is able to pass through this coating and this supports 
burning under the oxide at the melt surface. At higher temperatures 
reaction with oxygen, which occurs at an appreciable rate, results in 
MgO formation together with some Mg3N2. The alloy compositions 
determine the onset of melting temperature which is usually at or below 
650
0 
C. The molten metal surface's oxidation rate increases swiftly as the 
o 
temperature rises. Above about 850 C a freshly exposed surface 
instantly bursts into flame. Protection, using either a flux cover or a 
protective gas (fluxless) is necessary to exclude oxygen. 
As previously mentioned the high reactivity of the molten magnesium 
with dry and wet air results in the formation of a solid oxide, MgO, and 
hydrogen gas according to the following reactions:-
2Mg(molten} + 02(air} --> 2MgO(dross} 
Mg(molten} + H20(vapour} --> MgO(dross} + 2H(dissolved in the melt} 
Both the MgO dross and hydrogen gas may find their way into the final 
castings as non-metallic inclusions or gas pinholes. 
The reaction between the ambient atmosphere and the molten 
magnesium is the major problem in dross and gas entrapment. However, 
associated problems are oxides present on remelt and scrap and the 
carryover of lubricants from a die casting process with the metallics. 
It is possible to melt, hold and handle molten magnesium alloys in pots 
and crucibles fabricated from ferrous materials (i.e. low carbon or mild 
steel). However the minimisation of iron pick-up from the melting 
equipment during refining and casting operations is essential 
particularly for high purity magnesium alloys. The melting and pouring 
process for large castings can be conducted from the same crucible. A 
low degree of oxidation attack has been found when using the 430 
fabricated stainless steel under the same temperature and protective 
atmosphere conditions used with mild steel. 
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The explosive reaction between iron oxide and molten magnesium is 
avoided by freeing scale buildup at furnace bottoms. 
It is essential to restrict nickel and copper to less than 0.10% in steel 
weldment crucibles which are normally produced in low carbon content 
steel (less than 0.12% C). This avoids the extremely harmful effect of 
these elements on the magnesium alloys' corrosion resistance. 
It is essential to remove the sludge generated in the flux melting 
procedure from the bottom of the crucible on a regular basis. This is a 
routine safety measure to protect overheating of the crucible caused by 
the comparatively low thermal conductivity of the sludge. This will also 
maintain clean castings. high crucible life, and low melting power 
consumption. In addition excessive oxide buildup on the crucible should 
be removed to avoid the same effect. With flux less melting less buildup 
normally occurs. Withdrawing the crucible from use and soaking it with 
water to remove the buildup is an appropriate procedure. 
2.9.2.3 Melting Procedure and Process Parameters 
The two basic systems for magnesium alloys' melting and pouring are 
flux and fluxless techniques. Both methods require many precautions 
for producing good metal in the casting process. 
The Flux Process 
The main requirement of the flux is to exclude oxygen from the molten 
magnesium during melting. The flux must have a higher density than 
the liquid metal. A small quantity of flux (about 11/2% of charge 
weight) is placed in the bottom of the crucible which is preheated to dull 
red heat. The most essential precautions with the loaded metal charge 
are that it should be clean. dry, and free from contaminants such as oil, 
oxide, sand and corrosion products. Also foreign metals should not be 
present. Oxide-contaminated material should not be allowed to enter the 
melt charge. All dirty and oxidised materials should be ingotted and 
refined separately before being recycled into production melts. 
However, more flux may be required when dirty charge materials are 
melted. 
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As the charge material melts the remainder of the charge can be fed 
progressively into the crucible. At the same time additional flux is 
lightly sprinkled onto the melt surface. Particular supplier instructions 
for the different proprietary fluxes must be precisely followed. Also 
their use must be restricted to the special type of alloy for which they 
were developed. Localised overheating of the charge must be prevented 
during the meltdown process. It is unacceptable in practice to chlorinate 
the melt for refining purposes if effective steps are not taken to collect 
the chlorine fumes. 
The Fluxless Process 
Flux inclusions in the castings are the major defects which limit the 
applications for magnesium. The use of airlsulphur-hexafluoride gas or 
airlcarbon-dioxide/sulphur-hexafluoride gas mixes of low ($; 2%) SF6 
concentration are the basis of the fluxless technique which was 
developed for reducing oxidation in the melting, holding, and pouring 
of magnesium. These gases are nontoxic and odourless. The fluxless 
process was rapidly accepted in ingot production and die casting. Later 
its use was extended to sand casting where the gas mixture is richer in 
sulphur-hexafluoride. For magnesium-zirconium alloys carbon dioxide 
is the parent gas. This is because the sand casting process is a more open 
method which cannot be enclosed like the die casting process and higher 
pouring temperatures are required for magnesium-zirconium alloys. 
The great benefit of fluxless melting is the reduction of melt losses. It 
also reduces the amount of sludge at the bottom of the crucibles. This 
reduces the problem of small globules of metal being entrapped in the 
sludge and the difficulty of recovering such metal. 
Grain Refinement 
A commonly applied method for AZ-type alloys is superheating the 
melt to a temperature between 870 to 92S·C followed by rapid cooling 
to the process temperature. This method is unacceptable because the 
high temperature promotes iron pickup by the molten alloy from the 
crucible, which is the technical reason, and also shortens crucible life 
due to the high furnace chamber temperature, which is the economical 
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reason. One grain refinement method for AZ-type alloys is based on the 
use of hexachlorethane or hexachlorbenzine tablets which also provide 
degassing. The carbon which serves as the grain refiner is liberated by 
the decomposition of the hexachlorethane. About 0.1 % by weight 
addition is adequate to achieve maximum grain refinement. 
A second method is the addition of zirconium. For magnesium-
zirconium alloys this method is used to produce the optimum fineness of 
grain. It is essential to supersaturate the melt with soluble zirconium 
because insoluble zirconium complexes are present in the form of 
different contaminations. It is necessary to add zirconium over the 
theoretical level to provide the required soluble zirconium level. It is 
normal practice to leave about 15% of the charge weight in the crucible 
after pouring castings to prevent the insoluble zirconium complexes in 
zirconium-bearing material from being poured into the castings. 
A summary of grain-refining methods for magnesium alloys can be seen 
in reference [43]. 
The precautions to be taken during grain refinement procedures are as 
follows. Firstly great care should be taken not to overpour. Secondly 
adequate settling time must be allowed in the melting procedure so that 
the flux wetted inclusions can settle into the sludge correctly. At least 10 
to 20 minutes of settling time should be provided but this can vary with 
the melt size, the charge nature and the amount of flux added. Thirdly 
excessive disturbance in pouring castings should be avoided. Fourthly 
the flux refining temperature must be carefully controlled at about 
, 
705 C because liquid flux and molten metal can achieve a good inclusion 
agglomeration without excessive flux dispersion into fine globules. 
Lowering the temperature closer to the casting temperature after 
stirring helps to get better flux/metal separation. 
Visual examination by fracturing a small test sample cast in sand is the 
normal control check for AZ alloys. While visual examination through 
fracturing a small chill cast bar is used for magnesium-zirconium 
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alloys. Metallographical checking of grain size and comparison against 
norms is advisable. The satisfactory grain size value is 0.03 mm. 
Continuous alertness is esssential to prevent cross-contamination by 
mixing alloys. 
Alloying 
Generally, purchased prealloyed ingot and a proportion of the process 
scrap are charged together into the melting furnace. Very little 
correction to the composition is necessary for AZ alloys used in sand 
casting and die casting processes. However, the addition of alloying 
elements is required each time that the magnesium-zirconium alloys are 
remelted because the loss of alloying constituents occurs during each 
remelt operation. This correction can be done by adding pure metals or 
a fairly high content of the alloying element in hardener alloys. 
Normally master alloys are placed into a preheated steel basket before 
addition to the melt where they should dissolve readily into the melt. 
Composition must be carefully controlled because a master alloy's 
addition which corrects one element may lead to a dilution of the melt 
causing a reduction in another elements' content. 
The supersaturation of zirconium is produced either manually or by 
mechanical stirring (puddling technique). The insoluble zirconium 
complexes are allowed to settle in a settling procedure. Care should be 
exercised to avoid holding the melt too long and allowing the melt 
temperature to fall in order to avoid zirconium loss. 
Melt Treatments 
In flux melting, flux sprinkling is used to prevent oxidation during the 
melt down operation. A thin, fluid sludge shows excessive flux usage, 
while a thick, crusty sludge, often followed by burning of entrapped 
magnesium, shows inadequate flux. Generally a typical flux composition 
consists of 49%MgCI2, 27%KC1, 20%BaC12 and 4%CaF2 ; this is 
suitable for most magnesium alloys. However, an alternative flux 
composition is used for magnesium-rare earth alloys i.e. 28%BaCI2, 
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26%CaCI2, IO%KCl, l6%NaCl and 20%MgF2 because MgCl2 tends to 
react with rare-earth elements. In conclusion the essential features of 
flux use to avoid contamination are good housekeeping, sludge removal, 
skimming and proper handling in addition to careful pouring practices 
of the molten alloys. 
For fluxless melting, sulphur hexafluoride/carbon dioxide atmosphere is 
efficient in protecting against oxidation. The amount of these gases 
depends largely on the alloy type and the melting and casting process 
used. The SF6 gas is nontoxic, odourless and safe. The mixtures of gas 
may consist of sulphur hexafiuoride/air, or sulphur hexafluoride/carbon 
dioxide/air. For example, a low sulphur hexafluoride content «0.25%) 
provides adequate protection. Normally only 0.5 to 1.0% SF6 is 
needed. Above 0.8% it may cause unwanted corrosion problems with 
iron and steel equipment used in the melting process and in the 
environment. It may be necessary to use upto 2% SF6 for sand castings 
produced in magnesium-zirconium alloys which require a high melt 
temperature. 
Gas Content and Grain Size 
For environmental and safety reasons cleaning and degassing AZ alloy 
melts by the chlorination process is unacceptable. Hexachlorethane or 
hexachlorbenzine are preferred. The addition is in the form of 
compressed tablets which provide degassing and grain-refining effects 
concurrently. 
For magnesium-zirconium alloys it isnot necessary to conduct separate 
degassing and grain refining operations because zirconium performs 
these actions. Fluxes high in magnesium chloride should not be used 
with these alloys. Special proprietary fluxes have been developed to 
avoid the problems associated with these alloys. In contrast, fluxes high 
in magnesium chloride are acceptable for the melting of magnesium-
aluminium-zinc alloys. 
Foundry Control Procedures 
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Ideally the spectrographic method of analysis should be used for 
composition control. With AZ alloy sand casting a sand cast round bar 
(approximately 19 mm in diameter) is poured and fractured for visual 
examination. This is useful for checking grain refinement in comparison 
with sand cast standards. 
Similar controls are used for magnesium-zirconium alloys. However, 
for the visual examination a chill cast bar is used. The acceptable degree 
of grain refinement is determined through the test. The prescribed level 
of grain size to meet the standard is 0.03 mm. Cast slugs poured into a 
steel mould are used for spectrographic analysis. 
Stringent inspection is required particularly in aerospace or military 
sand castings. Samples from each melt are tested for tensile strength. 
They are either separately sand cast test bars or coupons attached to the 
parent casting. Complete destructive testing of these samples is 
frequently called for to ensure quality assurance. 
For die castings, inspection involves fluoroscopic screening in addition 
to visual and dimensional checks. 
Pouring Methods 
The methods of pouring are different according to the casting process. 
In flux melting care must be taken to ensure complete removal of the 
dried flux on top of the molten metal by skimming. Also any loose flux 
on the rim of the crucible or .the pouring lip must be completely 
removed with a steel wire brush. During pouring, until it is finished, a 
mixture of equal parts of coarse sulphur and fine boric acid are dusted 
on the surface of the molten metal to prevent oxidation. The surface of 
the metal is not disturbed until it is time to pour when the protective 
agent's skin is pushed back for pouring. Also sulphur is dusted to 
protect the metal stream from oxidation. Pouring directly into the sprue 
from the pouring ladle should be avoided to prevent oxidation of the 
metal stream. A properly designed pouring box is used to overcome this 
problem. 
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As previously mentioned about 15% of the charged weight is retained as 
a heel at the bottom of the crucible because of the presence of residual 
zirconium and its complexes in addition to flux and some entrapped 
magnesium particles. 
In fluxless melting oxide should be carefully skimmed from the melt 
surface while the flow of protective gas is maintained. The flow of gas 
must be continued until the pouring is finished although it may be 
discontinued whilst removing the crucible from the furnace. The gas is 
used to flush the mould to supplement the action of the inhibitors. 
Because there is no residual flux the sludge volume is smaller than that 
for flux melting. The clean and sludge-free portion of the heel can be 
recycled into later melts. 
Pouring 
Clean and preheated bottom-pour ladles can be dipped in the molten 
alloy from the open crucibles. The same precautions as used in direct 
pouring from the crucible must be practised. Sprinkling sulphur powder 
on the metal surface can minimise oxidation and burning of the metal in 
the hand ladle. 
Safety Precautions 
Face shields and fireproof clothing must be used by plant personnel. It 
is forbidden for moisture to contact the molten magnesium because of 
the danger from explosion and fire due to hydrogen generation. Other 
precautions are as described. All scrap should be clean and dry. 
Corroded material must be precleaned. Any flux must be kept dry, 
clean and stored in airtight containers. All equipment for the casting 
process such as ladles, tools and others, including flux, must be 
preheated to ensure that they are entirely dry. Molten magnesium 
contact with iron oxide should be avoided. 
2.9.3 Various Casting Processes 
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Magnesium alloys can be cast usmg green or dry sand casting, 
permanent mould casting, investment casting, low-pressure or high-
pressure die casting. The details for each process are clarified below. 
2.9.3.1 Sand Casting 
A wide range of alloys in different weights can be produced with this 
casting process. The weight of castings ranges from a few grams to 
about 1400 kgs (3000 Ibs). The method of preventing the reaction 
between metal and mould in the process is the major key to successful 
production. Especially important is the addition of the correct inhibitors 
to the sand for making moulds and cores. Sulphur, boric acid, potassium 
fluoborate, and ammonium fluosilicate are typical inhibitors which may 
be used singly or in combination. The moisture content of the sand 
determines the amount of inhibitor addition. The pouring temperature, 
type of cast alloy, and casting section thickness are also related factors 
in determining the amount of inhibitor addition. Higher pouring 
temperatures increase reactivity therefore extra inhibitor is used. The 
slower cooling rate associated with thicker casting sections promotes 
loss of the more volatile inhibitors from the mould surface and these 
need to be replenished from the mould areas at a distance from the 
heavy section. 
The ability to reuse sand is a major economic advantage of the green 
sand moulding process which outweighs the process's limitations. 
Expensive binder materials, as used in the modem chemically bonded 
sands, are not lost and automated sand-mixing equipment can deliver the 
sand direct to the point of use. 
Moulding Sands 
Because of the wide range in size of sand castings· the moulding sand, 
type and amount of inhibitor are generally adjusted to suit the thickness 
of castings. The additives in moulding sands tend to reduce permeability 
which is important to allow generated mould gases to escape away from 
the metal/mould surface. Suitable values of permeability are in the 
range of 60 to 90 AFS. Venting of moulds or cores can improve 
permeability . Additional vent channels may be drilled into the core to 
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take gases outside the mould rapidly. Assisted evacuation of these gases 
might be used. 
The relatively high clay content and poor uniformity are the 
disadvantages of green sand casting which must be carefully controlled 
for satisfactory results. Synthetic sand mixes provide more consistent 
results. The optimum balance of desired properties can be obtained by 
blending different types of bentonite. Mulling must be carried out on a 
controlled basis and frequent and regular testing of the sand's properties 
and composition is imperative. In conclusion the type of sand mix is 
chosen to suit the moulding process and the casting product. 
General Comments on Sand Moulding Process 
This method is the cheapest form of sand casting but it is not suitable 
for precise and accurate dimensions or complex castings. The shell 
moulding and carbon dioxide/silicate processes provide improvements 
in these respects. In both processes the amount of inhibitor addition can 
be reduced. However it is difficult to recycle the sands. The accurate 
positioning of cores, essential for thin section casting production, can be 
achieved with the furan chemical-set process. Metallic chills or zircon 
sand can be used to control local solidification rates to produce an 
optimum solidification pattern in the casting. Spraying the mould with 
proprietary products improves the mould's surface hardness and 
reduces molten metal impingement effects. A fluorine containing 
compound, such as (C2F4)n - polytetrafluoroethylene, is an effective 
coating material for the mould cavity. A proprietary core paste 
material, which seals the gap between the cope and drag, can prevent 
metal leakage or flashing. A nonoxidising acetylene flame and light 
torching can deposit a thin coating of carbon on the metal contact 
surface of the mould to improve fluidity. 
Coremaking Procedures 
Normally major cores are generally produced in a silica sand mix which 
has the same grain fineness as the moulds. However, for small diameter 
and long length smaller cores a different type of sand mix may be used. 
Whereas moulds may be made from a high content of recycled / 
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reclaimed sand, cores should be made from new sand mixes. Inhibitor 
additions, similar to those used in moulding sands, are used in core 
production. Similar binders are used for mould and cores. Collapsibility 
of core sand at the low pouring temperature is very important. 
The choice of type and percentage of binder is important for core 
breakdown because of the comparatively low heat content of magnesium 
alloys. Other features required of cores are as follows. Venting, without 
performance deterioration is required. A good shelf life, i.e. the 
absence of damage caused by storage in atmospheric conditions, is 
needed. Cores should be rigid and stable in storage. Chills can be 
provided in larger cores to control directional solidification in a casting. 
The degree of strength and dimensional stability of cores is a function 
of the chosen binder and the production method which are chosen for 
satisfactory and desirable results. 
The gas-hardening carbon dioxide/sodium silicate process is used 
extensively for core production. Resin binder system core sand mixs can 
be hardened either by an acidic activating agent or the passage of acid 
gases like sulphur dioxide through the core box. Hot-box methods are 
also acceptable for core production. 
Specialised methods of coremaking can be used for special 
requirements. These techniques include ceramic cores, salt cores, wire 
cores with wash coating, quartz glass cores, fibreglass cores with 
ceramic coatings. Sand moulding with expanded polystyrene patterns, 
which eliminates the requirement for cores, can be applied for castings 
that would otherwise be highly cored. This casting method could 
eliminate the hot tearing problem experienced with some magnesium 
alloys. 
Automated equipment can be used for core production and should 
provide close control of all functions. 
Shrinkage Allowances 
5 1 
It is recommended that shrinkage factors be establishd for a particular 
set of foundry conditions. The general allowances for shrinkage can be 
obtained from general guides available for various alloys. 
Gating practices 
As previously mentioned magnesium alloys are susceptible to oxidation 
and have a very low density compared with other metals. For these 
reasons turbulence effects in the mould, which form oxide skins and 
dross in the flowing metal, must be minimised to prevent inclusions or 
surface pits in castings. Normally gravity pouring systems are used with 
sprues leading to runner systems situated at the bottom of the mould. 
Sprues must be tapered to prevent the aspiration of air. Long sprues 
should be broken by an intermediate step. The pouring cup or box 
should be kept full during pouring. From the sprue base the design of 
runners should allow only a horizontal or upward flow into the bottom 
of the mould. Metal flow is interrupted with screens or filters before it 
enters the mould cavity to remove any oxide resulting from turbulence. 
The local cross section of the runner bar is enlarged to reduce 
obstruction of the molten alloy's flow. The screens are wedge shaped to 
fit into a matching cavity formed in the running system. They can also 
be used to regulate the metal flow into the mould cavity. 
The cross section of the runner channel should be large and taken 
beyond the last gate into the casting. This will enhance oxide separation 
before the metal enters the mould cavity. The runner bar must be filled 
before the molten metal flows through the gates into the casting. It is 
desirable that the casting be in the cope or a three-part mould be used 
with the runner in the lowest section. The recommended gating ratio, 
i.e. dimensional design of total cross section of gates: cross section of 
runner channel: cross section of sprue, is 4:2: 1 or 8:4: l. This should 
prevent metal spurting. 
The suggestion of an acceptable practice is to have fast pouring rates, 
high pouring temperatures and many closely clustered gates around the 
casting as required. Particularly for thin section castings this would 
avoid misruns, which are caused from the entrapment of gas/air and 
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oxide inclusions and by the poor designs which allow the molten metal 
to fall from one level to a lower one within the mould. A design in 
which thick sections join thin sections at the same level as the metal 
being poured should be avoided to prevent problems associated with 
preferential flow in the thick sections. Proper design of the gating 
system is essential for the production of sound castings. 
Risers 
High shrinkage is associated with magnesium alloy castings. Insulating 
sleeves for risers increase their feeding efficiency and improve casting 
yield, they also reduce the amount of recycled returns for processing. 
This is important because the cost of some additional alloying elements 
which are needed for better properties of the cast alloy is very high. 
Chills 
The function of chills is to promote solidification from the bottom to 
the top of the casting. Chills should be used with heavy sections or 
bosses in the casting which are remote from direct riser feed to 
accelerate solidification and promote soundness. Chilling is essential for 
the non-zirconium alloys to produce a fine grain with satisfactory 
mechanical properties. 
Shake-Out 
To prevent hot-shortness cracking tendencies, castings up to 90 kgs 
o 
should be left in the mould until the temperature is below 260 C. The 
larger castings should be allowed longer for cooling before shake-out. 
Traditional shake out using vibratory screens equipped to separate 
chills, by the use of electromagnets, is a noisy and dusty process. In 
modern systems the mould is placed on a rotary table in an airtight 
chamber and bombarded with steel shot to break down the sand mould. 
Abrasion of casting surfaces in this method is avoided through careful 
control. Any surface contamination by shot must be removed using an 
acid etch to preclude reduced corrosion resistance. It is desirable to 
replace steel shot for cleaning the casting with a nonmetallic abrasive 
medium, such as alumina, to preserve optimum corrosion resistance. 
Thermal reclamation is popular for resin-bonded sands because a clean 
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product is obtained which is almost equivalent to new sand. This sand 
can be reused at a high percentage for mould production, although new 
sand is preferred for core production. 
Other Factors 
In critical areas with susceptibility to hot tearing more generous fillets 
and radii should be used. Magnesium alloys are susceptible to porosity 
because of their low metallostatic pressure. Mould and core gases can be 
minimised by adequate venting of the mould and core. 
Tooling Requirements 
To achieve a high level of dimensional accuracy the quality of the 
pattern and core box equipment is very important. Metal and plastics 
are suggested. Wooden pattern equipment is cheaper and is suitable for 
low production output not subject to stringent dimensional accuracy 
requirements. Complex designs can be produced by refined sand casting 
processes and may not need recourse to investment casting. 
2.9.3.2 Permanent Mould Casting 
The notable characteristics of this process are explained below. 
The types of permanent mould casting should be considered to ensure 
design within the process's capability. There are two types which are 
metal core (permould) and destructible sand cores (semipermanent 
mould). The size and complexity of castings produced by the permanent 
mould process is not as good as the sand casting process. In particular 
deep ribs and complex cores are not practical. 
Moulds, referred to as dies, in this process can be reused repeatedly 
which is the dominant feature. Superior surface finish and dimensional 
tolerances are also features of this process. The process provides faster 
solidification and castings may have improved mechanical properties. 
Inflexibility of modifying the casting design or the runner system once 
the die is constructed is an inferior feature of this process. 
54 
Almost all alloys used in sand casting are suitable for permanent mould 
casting too. The low heat capacity of magnesium alloys, which allow the 
metal to freeze rapidly, and their hot short characteristics near to the 
solidus temperature severely affect the shape of castings that can be 
successfully cast in permanent moulds. Magnesium alloys with high zinc 
and no rare earths elements are unsuitable for this process because of 
their poor castability and hot short susceptibility. 
Withdrawal of the metal cores should be conducted carefully so as not 
to put excessive stress on the hot casting. Simultaneous extraction of 
multiple cores is required. To avoid cracking during solidification or 
upon removal from the mould, generous draft and radii are required in 
casting design. 
The controlling factors in directional solidification for this process are 
proper casting design, gates and risers' placement, core material, and 
die coating. Except for small areas near gates, 5 mm. is the limiting 
section size for feeding. 
The necessary controls to optimise casting characteristics for 
magnesium alloys include :-
1. Pouring temperature. This varies from 730 to 790
0 
C with the actual 
temperature dictated by the casting sections and design. 
2. Die temperature. This is often maintained about 430'C to ensure 
satisfactory castings. The thermal conditions can be controlled by 
selective heating and insulation to ensure satisfactory castings. The 
temperature distribution in the die and the heat extraction rate directly 
affect casting quality. 
3. Die coating. 
Much faster solidification, higher casting rates and longer die life are 
obtained because of the relatively low thermal input into permanent 
moulds during casting. 
2.9.3.3 Investment Casting 
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The attractive features of these castings include complex shape 
capability, very thin wall sections, fine surface finish, and tight 
dimensional tolerances. This method eliminates the parting line. 
Disadvantages of this method are the capital equipment cost and the unit 
cost of the casting. Also size of the casting is another limitation. The 
alloys for sand casting can be used with this process. 
2.9.3.4 Low-Pressure Die Casting Process 
This process uses metal dies similar to those used in the permanent 
mould casting process. The process withdraws molten metal from 
underneath the melt surface and introduces it less turbulently into the 
die with a reduction in oxide impurities and air or gas entrapment. This 
results in improved casting quality. The solidification pattern is 
inverted. High-quality automotive wheels are manufactured by this 
method. 
2.9.3.5 High-Pressure Die Casting Process 
This process is suitable for high-volume production. Fast production is 
possible with a high degree of automation. Molten magnesium metal 
does not stick on to the die like aluminium and this advantage, as 
mentioned in the permanent mould casting process, is due to the 
relatively low thermal input into the die. The number of alloys suitable 
for casting by this process is restricted compared with sand casting. The 
common alloys are AZ91A, AZ91B, AZ91E, AM60, AS41 and AZ61. 
Both hand-ladling and autopour methods can be applied to this process. 
There are two types of process. The first one is the hot chamber 
process. Molten alloy from the bath, where the correct pouring 
temperature is controlled, is fed directly to the injection unit. The 
second is the cold chamber process in which molten alloy is delivered 
into the shot chamber before being injected into the die. 
Machines 
The cold chamber process provides a higher injection pressure than the 
hot one. The machines must prevent any contact between magnsium and 
water. 
56 
Dies 
The die material, is similar to that used for aluminium. Generally hot-
work tool steels in the heat treated condition are used for dies and cores. 
Die surfaces are often nitrided. 
Lubrication 
A fine mist of any water-free proprietary lubricant IS the standard 
method. An automated lubricating system is often used. 
Die Temperature 
The optimum die temperature is in the range of 260°C +/- 14°C. The 
required temperature is maintained with the supplied heat from repeated 
casting. Water cooling of the die is also required. Die temperature 
control is a key factor in maintaining the quality of castings. Misruns 
can occur at low die temperatures, whilst die soldering, hot tears and 
shrinkage are associated with higher die temperature. 
Control of Metal Composition 
To ensure sound castings free from contamination and with good 
corrosion resistance the following factors are important :-
1. Degree of control exercised over metal cleanliness. 
2. The method of melting. 
3. The method of handling the metal. 
It is difficult to recycle scrap. Many reasons are listed. The scrap is 
highly contaminated with lubricant. The slug or biscuit from the runner 
system requires refining which requires casting into ingots before 
. . 
reusmg agam. 
The advantage of corrosion resistance which is a feature of high-purity 
AZ91 D alloy is controlled by maintaining a very low nickel, iron and 
copper content. The limits for these contaminating elements are 
0.005%Fe (Fe = 0.032 Mn maximum), O.OOlO%Ni (lOppm), and 
0.0400%Cu (400ppm). The ratio of iron to manganese must be 
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controlled. Up to 0.001 % beryllium will reduce the burning tendency of 
the molten alloy. 
Flux Process Parameters 
The procedures for processing magnesium for die casting are : 
1. The melt charge is heated to a temperature of about 705
0 
C. 
2. Flux is added. 
3. The melt is stirred thoroughly to allow the flux to absorb the oxide. 
4. The melt is allow to stand for 10 to 15 minutes to allow the oxide-
laden flux to settle as sludge to the bottom of the crucible. 
The composition of the flux is a mixture of magnesium chloride, 
potassium and other chlorides together with a smaller amount of 
calcium fluoride. The amount of flux varies from I to 3% of the melt 
weight, depending on the cleanliness of the charge. 
It should be noted that any recycled materials must be dry before they 
are melted; contamination of the melt with flux may cause corrosion in 
the final casting; burned lubricant products or oxides impair castability 
and mechanical properties. An excessive tendency to oxidise and/or a 
difference in viscosity is an indication of incorrect refining. 
Fluxless Process Parameters 
This method avoids flux associated problems and the risk of corrosion 
due to flux inclusions. Also the melt loss is lower than for the flux 
method because entrapment of metal in sludge does not occur. Periodic 
analysis of the melt is necessary because repeated melting results in the 
loss of alloying elements. 
Design Parameters 
Wall thickness can be calculated from the formula t = D/lOO where t is 
the uniform wall thickness and D is the distance from the gate. The 
minimum thickness may be only 0.9 mm. Most surfaces vertical to the 
parting plane of the die should be tapered to assist ejection of the 
casting. Sufficient ejectors are required to prevent damage to the 
castings. Designers should calculate the induced stress levels to fall 
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below the limited values. The basic features still apply as listed:- ample 
fillets, rounded corners, blended sections, avoidance of remote heavy 
sections, strengthening thin sections by the use of ribs, radii that are as 
large as possible. 
Casting Finish 
Close control over the process variables helps to obtain a good surface 
finish. These variables are die temperature, cavity filling, die 
lubrication, metal temperature, holding time in the die, and the 
smoothness of the die surfaces. 
Tolerances 
The details can be seen in the tables of handbooks. 
Casting Defects 
The most frequent forms of defect are misruns and cold shuts. Many 
related process variables are involved. Porosity is a potential problem 
but it can be minimised by conducting an evaluation of the running, 
venting and lubricating systems [25,29,32,44]. 
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Chapter 3 
Expendable Pattern Casting (EPC process) 
3.1 Introduction and History [45,46,49,50,52,57] 
There are many generic terms and proprietary names for this casting 
technique, for example:- cavity less casting, evaporative foam casting, 
evaporative pattern casting, full mould, foam vaporization casting, 
Foamcast™. lost foam, Policast™. Styrocast™, StyropourTM. The 
standard term, named by the American Foundrymen's Society, Inc. is 
Expendable Pattern Casting or EPC as a general name for this process. 
This process uses unbonded sand moulds. It originates from H. F. 
Shroyer's D.S. Patent no. 2,830,343 in April, 1958 which describes a 
cavity-less casting method which uses a polystyrene foam pattern, which 
is not removed before pouring metal, embedded in a green sand. The 
pattern is decomposed by the molten metal which replaces the pattern 
and duplicates its features. One of the first uses of this process was the 
production of the bronze statue "Pegasus" by A. Duca (a sculptor and 
metallurgist at MIT). 
Shroyer's patent was subsequently purchased by the Grunzweig & 
Hartmann Co. of Germany (which was under A. Wittmoser's direction) 
to develop the process for commercial purposes in 1962. 
The significant breakthrough in the process's development came from 
T. R. Smith's D.S. Patent no. 3,157,924 in 1964. This introduced the 
utilisation of loose, unbonded sand as the moulding media for 
surrounding the polystyrene pattern prior to pouring. Full Mold 
Process, Inc. had licensed this process for the users until these patents 
expired in 1980. 
3.2 Sequences in EPC Process in brief [57] 
I. Component design 
2. Tool making 
2.1 Foam sections 
2.2 Jigs and templates for assembly 
3. Producing foam sections 
3.1 Pre-expansion of EPS beads 
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3.2 Moulding of pre-expanded beads 
3.3 Aging of moulded foam sections 
4. Assembly of foam patterns 
5. Coating of foam patterns 
6. Sand filling and compaction 
7. Pouring the castings 
8. Mould shake out 
9. Casting finishing 
3.3 Process Technique [45,49] 
The primary critical step is the production of a high-quality foam 
pattern. The key areas of the pattern are surface quality, fusion, 
dimensional stability, and foam pattern density. 
The production stages for a casting are as follows:-
I. Patterns are attached to a gating system of the same type and density 
of material. Alternatively the gating system is sometimes moulded as a 
part of the pattern. 
2. The pattern and gating system are coated with a permeable refractory 
coating. 
3. After the coating is dry, the pattern system is ready for investing into 
a one-piece sand flask. The pattern system is positioned in the flask 
which has a 25 to 75 mm bed of sand in the bottom. 
4. Sequentially the loose and unbonded sand is introduced around it. 
5. The flask is vibrated to allow that sand to flow, and compact in and 
around all areas of the pattern. 
6. After that a pouring basin or sprue cup is usually positioned around 
the exposed foam downsprue. 
After sand densification the flask is moved to the pouring area. Molten 
metal is poured into the pouring basin or sprue cup and vaporises the 
pattern. It duplicates all the intricacies of the pattern. The cooling time 
of the casting is approximately the same as that for a green sand casting. 
Finally the casting is degated and cleaned while the sand is collected to 
be reused again. The sand can be reused when it has cooled to about 
6 I 
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60 0 C or less. Cooling is necessary because the heat from unproper/y 
cooled sand can distort the next pattern when that sand is reused. 
3.4 Part Selection and Tooling [57] 
An appropriate part for the capabilities of the foundry plant and 
personnel should be considered in selection. Tooling will be designed to 
make various sections of the foam pattern. It influences the foam 
pattern's surface quality and internal bead fusion including production 
cycle. Tool design can be simple to fairly complex. Its construction can 
be expensive and also requires long lead times. However, prototype 
parts can be cut or carved from foam board stock and assembled by 
manual gluing. In addition, the surface quality and accuracy of such 
patterns is poor and inclined to cause defects and quality problems 
especially due to excessive glue. 
3.5 Processing Parameters 
3.5.1 The Foam Pattern [45,47] 
Expandable polystyrene (EPS) is the preferred material for producing 
patterns. Grades T and X of this material are the most favourable 
because they give the smoothest surface and also the thinnest section. 
The reason for this is the small bead size because small beads provide a 
superior pattern surface and this is transferred to the resultant casting. 
The density of the foam pattern for a given cast product is a critical 
consideration. Density should be controlled to within +/- 2% of the 
target density for consistent casting results. This is achieved by 
monitoring and adjusting time and temperature in the pre-expander. 
The pre-expanded EPS bead is stored to cool and stabilise it for about 6 
to 12 hours, depending on the type of bead used. This pre-expanded 
EPS is conveyed to a hopper attached to a pattern-moulding press. 
A Rodman pre-expander, which is the most common method of pre-
expansion, utilizes steam. This equipment was invented by Rodman, H 
Ir. [53]. Vacuum pre-expansion can be used to minimise the practical 
density of EPS [54]. The Unitex pre-expander is a pressurised air 
equipment which was invented by Smith, S B [55]. The purpose is to 
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pre-expand small beads with low density similar to that obtained by 
vacuum pre-expanslOn. 
It is important to know in pattern design that gas formation is a function 
of pattern density and metal pouring temperature. In the case of low 
pattern density the volume of gas formation is minimised during EPS 
vaporisation. The ratio of surface area to volume should also be 
considered because all of the gas produced must pass through the 
coating on the pattern's surface. From experience, the required pattern 
density will range between 16 and 24 kg/m3 (1.0 and 1.5 Ib/ft3) 
depending on the part geometry and the poured metal. 
There are two steps in producing foam sections. First is bead pre-
expansion. Second is pattern moulding. 
3.5.2 Bead pre-expansion [57] 
Polystyrene is a common foam used. It contains pentane as the 
expansion agent. Its unexpanded beads, which have the consistency of 
sugar, are delivered in the density of 600 g/l (38 pcf). These beads will 
be expanded and quickly heated with care to about 100°C (212°F). The 
expansion stops when the desired density is reached. The proper foam 
density is essential and must be insured through the control of pre-
expansion. In general aluminium castings use a foam density of 2204 to 
25.6 g/l (lA to 1.6 pcf) while iron castings use a foam density of 16.0 
to 2204 g/l (1.0 to lA pcf). 
3.5.3 Pattern moulding [45,47,49] 
This can be divided into four major functions :-
a) Filling: A vent fill gun is used to feed the prepuff or pre-expanded 
stabilised material, which is the desired density, from the hopper on the 
press to the cast aluminium mould which is machined to finish 
dimensions. Final foam quality and dimensional accuracy are also 
influenced from the time of stabilization in moulding. 
b) Fusion: The steam is passed through the material in the mould's 
cavity when it is full. This fuses the beads and expands them to close the 
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air voids between the individual EPS beads. The beads are fused 
together to form the desired foam pattern. 
c) Cooling: Water is sprayed on the back of the mould wall cavity to 
eliminate post-expansion and maintain dimensional integrity of the 
pattern. 
d) Ejection: After cooling the part IS ejected pneumaticaly or 
mechanicaly when the press is opened. 
Freshly moulded patterns contain internal moisture, around 6-8% by 
weight. Usually the patterns are left overnight at ambient conditions to 
reduce the moisture level before casting. The drying process can be 
accelerated by oven aging at 60· C. 
3.5.4 Pattern Shrinkage [47,49,57] 
Moulded foam polystyrene patterns shrink with age by a maximum of 
about 8.333 mm/m (0.100 inches/foot) over a period of 30 days. The 
planned lag time between pattern moulding and casting should be 
considered when a pattern mould is designed. The amount and rate of 
EPS pattern shrinkage depends to some extent on the size and density of 
the EPS beads being used. The dimensions of the casting depend on the 
pattern's age at the time of metal pouring. In practice there would not 
be any problems from shrinkage of foam to casting dimensions if the 
foam patterns were aged for 30 days prior to use. 
For consistency, small pre-expanded beads obtained from relatively 
fresh EPS raw material (non-expanded) beads are aged for two hours or 
less for use in shrinkage determination for low density mouldings. 
Also metal shrinkage in this process, which is the same as conventional 
bonded sand moulding, should be allowed for along with pattern 
shrinkage during the design of tooling to produce the patterns. 
3.5.5 Surface Finish [52] 
Foseco [56] introduced a development for minimising the surface 
roughness problem in lost foam castings. To improve surface finish it 
was suggested that the preferred expanded bead diameter should be 
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between 0.8 to 1.2 mm and the best mould technology be employed. The 
surface roughness that can be achieved is Ra 4-6 Jlm and RYmax 
(maximum peak-to-valley height) of 33-37 Jlm on the preform. The 
castings will closely reproduce the surface roughness of the pattern. 
3.5.6 Tolerances [52,58] 
The dimensional tolerances of foam preforms are increased by +/- 0.2 
mm when measured across a glued joint. Tolerances of castings are at 
least double the pattern tolerance for the following reasons:-
I. Distortion of the pattern during coating and sand filling. 
2. Variation in metal temperature and composition. 
3. Internal stresses arising during freezing and cooling of the metal. 
3.5.6.1 Estimated Tolerances of EPS patterns [57] 
Dimension 
in.; [mm] 
<1; [<25.4] 
1 to 3; [25.4 to 76.2] 
3 to 5; [76.2 to 127] 
5 to 7; [127 to 177.8] 
7 to 10; [177.8 to 254] 
> 10; [254] 
Rough Estimate: 
<7 in.; [<177.8 mm] 
>7 in.; [>177.8 mm] 
3.5.7 Gating design [46,49] 
Tolerance 
in.; [mm] 
+/-0.015; [+/- 0.381] 
+/-0.020; [+/- 0.508] 
+/-0.025; [+/- 6.35] 
+/-0.035; [+/- 8.89] 
+/-(in.X 0.005); [+/- mm.x 0.127] 
+/-(in.X 0.004); [+/- mm.x 0.1016] 
+/-0.030"; [+/-0.762mrn] 
+/-0.005 in.lin.; [+/-0.127mmlmm] 
Gating systems are normally moulded as an integral part of the patterns. 
Proper gating is critical. A trial-and-error approach by the foundry 
may be necessary to develop the correct design. The trial method is cut 
from low density foam board and then glued to the pattern or 
multipattern assembly. The results will help to determine the proper 
gating system for a particular application. 
3.5.8 Pattern Assembly [45] 
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Generally a completed pattern and gating system consists of many pieces 
assembled together with a hot melt adhesive applied at between 120 and 
130
0 
C. An automatic or semi-automatic gluing procedure is preferred 
for consistent dimensional control and adhesive joint quality assurance. 
Manual operations are suitable for prototypes and short run quantities. 
The properties of adhesive materials need to be considered carefully. 
They must be suitable for use with lost foam patterns. Also the material 
must be compatible with the molten metal during the casting operation. 
Its vaporisation rate and ash content should be similar to the EPS 
pattern. In addition it should not adversely affect the dimensional 
integrity of the pattern. Glues should not contain an aromatic 
hydrocarbon solvent. It is acceptable to use rubber cement for the initial 
casting evaluations. 
To maintain consistency care should be taken to control all aspects of 
pattern assembly because casting scrap and dimensional control 
problems are caused through bad techniques at this stage. 
3.5.9 Coating 
3.5.9.1 Functions of Coating and Coating Types [45,49,57] 
Coatings on the pattern are a barrier to avoid molten metal penetration 
or erosion of the sand during pouring. It prevents the collapse of the 
sand into the gap between the advancing molten metal and retreating 
pattern whilst the decomposition products are escaping. Also it helps the 
pattern retain its shape without deforming during sand compaction. 
In conclusion there are two requirements of a coating: the first is to 
provide a barrier between the smooth surface of the pattern and the 
coarse sand; the second is permeability. The gases created by the 
vaporising foam pattern must be able to escape through the coating and 
into the sand and away from the cast metal. 
There are various categories of coating permeability which are 
classified as low, medium, and high. Aluminium castings, with high 
surface-area-to-volume ratios, use the former coating. Heavy-section 
66 
aluminium castings and other nonferrous castings use either of the latter 
coatings. Ferrous castings require higher permeability than nonferrous 
castings. In some applications aluminium castings may not require 
coating of the pattern but mostly ferrous castings require coating of the 
pattern. 
With low cost and excellent heat transfer characteristics silica is the 
choice of refractory for most coatings. However, zircon and olivine can 
be used. Water is the most widely used carrier because hydrocarbons 
and chlorinated solvents will attack the EPS pattern. 
3.5.9.2 Application of the Coating [45] 
There are several ways to coat a pattern which include: dipping, 
brushing, spraying, or flow coating. The first is preferable for small-
and medium-size patterns while the others are suitable for large ones. A 
uniform coating on each cluster is preferable under a careful control 
because coating thickness affects casting quality due to permeability. 
Care should be exercised when handling the coated patterns because the 
weight of the wet coating can cause the patterns to break or distort. The 
coated patterns will dry in ambient conditions within 24 hours, or they 
can be dried in a drying oven or heat room. The latter should have a 
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controlled oven temperature in the range of 50 to 65 C depending on 
the number of changes of air per hour and dehumidification. For high 
production, microwave drying can be used. 
The refractory coating is essential since it actually is part of the mould. 
However, the top of the downsprue, which is a part of the gating 
system, is not coated. The actual mould wall surface is the contact line 
between the pattern and the coating. 
3.5.10 Sand System 
3.5.10.1 Sand Processes 
3.5.10.1.1 Un bonded Sand Process [45] 
Silica sand is commonly used with different shapes (sub angular to 
round). An average grain fineness number of AFS 35-3 screen 
distribution is suitable for ferrous applications whilst AFS 45-3 screen 
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distribution is suitable for most nonferrous applications. Screening to 
separate the accumulated fine particles is necessary to maintain 
consistency in sand permeability. Cooling of the returned sand should be 
done before it is sent to the flask filling area. The temperature of the 
sand in the flask should not be higher than 500 C because this can damage 
the foam pattern and soften the adhesive. 
3.5.10.1.2 Bonded Sand Process [46] 
Air-hardening chemically bonded sands based on washed and dried 
silica sand of approximately AFS GFN 55 are recommended. This is 
applied to a minimum depth of about 50 mm (2 inches) over the pattern 
and gates. To prevent excessive bum-in and metal penetration, hand 
packing or tapping should be used to compact the sand against the 
pattern. Reinforcing rods are used in deep pockets and side openings 
and lifters are hung through the polystyrene, from the cope surfaces, to 
support deep horizontal pockets. The mould may be finish-rammed with 
regular backup sand after the facing sand (air-hardening chemically 
bonded sand) has hardened. 
3.5.10.2 Flasks [46,49] 
For unbonded sand casting it is not necessary to mate cope and drag 
flasks. A flask should be a rigid container able to withstand vibration 
and the sand weight. Slots in its side walls will allow gases, formed by 
the pattern's vaporisation, to rapidly escape. A fine meshed screen lined 
along the flask's inside walls will prevent sand loss through the vents. 
3.5.10.3 Venting [46,50] 
Insufficient venting will promote casting defects. Venting is easily 
accomplished by the selection of an "open" sand with the provision of 
adequate venting places at strategic pre-planned exit points in the 
moulding flask. A number 10 wire can be used to vent each riser and 
the ends of the runner to help to remove the gas pressure generated 
during pouring. One-half inch vent rods may be used in risers for 
providing a "flow-off' indication. 
3.5.10.4 Sand compaction [57] 
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The distribution of the sand in the flask and the rate of sand filling can 
affect distortion of the cluster of patterns. Usually the sand compaction 
is done at the same time as sand filling to help unbonded sand flow into 
the patterns' internal cavities and to minimize pattern distortion. 
3.6 Pouring A EPC Casting [49,57] 
This is similar to pouring metal in other sand casting processes. 
However, it is essential to maintain a tighter control of metal 
temperature at the pouring time. The pouring rate depends on the 
vaporisation of the pattern and a constant head of metal must be 
maintained during pouring. From one reference [13] it is suggested that 
the pouring rate must be as rapid as possible to avoid mould collapse 
and to allow the decomposition products to escape. With the reason that 
if pouring is interrupted, the sand may collapse into the casting cavity 
and ruin the part. 
3.7 Cleaning and Finishing [49,57] 
The cooling rate is approximately the same as that for green sand 
castings. After a cooling period the flasks are moved into the dump-out 
area to separate the castings and sand. Then the castings are ready to 
degate and clean by sandblasting or shotblasting. To remove the coating 
which adheres to internal surfaces a vibratory media cleaning system 
may be necessary. 
EPC castings are normally cleaned easier and require fewer operations 
because the loose sand used is more easily removed from internal 
cavities than lumps of chemically bonded or green sand. The process 
reduces the need for blending and grinding because there are no fins or 
parting lines. Also the amount of material to be removed in machining 
is reduced due to the accuracy of the process. 
3.8 Safety Considerations [47,50] 
The principal combustible toxic results of an EPS fire are carbon 
dioxide, heat and the depletion of available oxygen. Adequate 
precautionary measures must be performed during processing of 
material and storage and handling of mould parts. Colourless pentane 
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blowing agent is evaporated from the beads and parts during storage. At 
a concentration level between lA and 7.8% by volume mixed with air, 
the mixture can be ignited with low intensity ignition sources. In the 
design of ventilation facilities it should be considered that pentane is 
heavier than air and possibly accumulates in low places. Smoking and 
open flames should be prohibited. Electrical equipment must be 
grounded to prevent static buildup and discharge. A separate building, 
or separation from processing and storage areas by fire walls, is 
required for equipment with open flames such as boilers. 
3.9 Advantages and Disadvantages of EPC Casting 
[45,46,48,51,52] 
3.9.1 Advantages of EPC Casting 
This method has no mould parting line, no cores, reusable sand, no 
binders or additives and inexpensive one-piece flasks which are readily 
moved. The use of untreated, unbonded sand makes recycling 
, economical and advantageous. Minimal casting cleaning is required. 
Casting yield is increased. Diverse metals with very few change over 
problems can be poured. The processing steps are relatively clean. The 
tooling and equipment required is relatively simple and inexpensive. 
Response to the customer demands can be rapid with this type of 
manufacturing system. 
3.9.2 Disadvantages of EPC Casting 
Pattern coating is time-consuming and great care is required in pattern 
handling. A greater skill of moulding and venting is needed. Although 
EPS has a very low order of toxicity it is combustible. Fire is the 
biggest hazard involved in the process especially during the processing 
and storage of patterns. Adequate ventilation is required in processing 
and pattern storage areas along with good housekeeping. Strictly 
enforced safety rules will greatly minimise this hazard. The procedures 
of this process must be strictly adhered to. A scrapped casting means 
both the pattern and the moulds need to replaced. Shrinkage with age is 
an important aspect of foam patterns. The amount of shrinkage is 
predictable and an allowance for pattern shrinkage can be incorporated 
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in tooling design. In addition it is necessary to identify and elimate 
unfamiliar defects especially carbon ash contaminations. 
3.10 EPC Casting Features [50] 
Applications 
Advantages 
Disadvantages 
and Limitations 
Cost 
Complex design 
Quality 
Surface 
Size 
Dimensional tolerances 
Alloys 
Original use for one-off parts. 
Similar to precision investment method. 
Rivals investment process in part 
complexity, good finish, and close 
tolerances. Light patterns. 
Carbon pick-up in casting could cause 
property degradation. 
Nonreusable mould and pattern. 
High 
Good 
Good to excellent 
Excellent 
Small to large 
+/-0.25 mm (+/-0.010 in.) 
Unlimited 
The characteristics of parts suitable for EPC production are listed:- [57] 
1. The high volume of parts (exceed ten thousand pieces per year) 
2. The complexity of internal cavities like complicated or fragile cores, 
multiple cores requirement. 
3. Parts which are required to be machined. 
4. The combined parts from assemblies. 
5. Die casting parts. 
3.11 Dimensional precision and dimension accuracy of EPC 
castings [57] 
depend on 
1. Shrinkage of the moulded pattern 
2. Good tooling and careful design 
3. Control of the pre-expansion process 
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4. Controlled aging before assembly of patterns 
5. Assembly of patterns into clusters 
6. Proper pattern coating 
7. Sand compaction 
8. Molten metal pouring practice 
9. Removal of gates and risers in finishing of castings 
3.12 Defect Problems [57] 
There are many causes of defects which should be understood. 
In pattern assembly glue joints and the operation of gluing can have a 
major impact on the quality of the castings for example:- poor glue 
joints are a main cause of casting scrap in this process. Undried coatings 
of the pattern assembly cause various defects like casting porosity and 
surface defects. The following factors: gating system, casting design, 
coating properties, sand properties and pouring operation; must be 
considered collectively to avoid defects and ensure sound castings. 
Carbon pickup and gas evolved from pattern materials are difficult 
obstacles for a successful commercial application. 
3.13 Properties of expandable polystyrene [46,47,49,50] 
The term "expandable polystyrene" is applied to discrete particles of 
thermoplastic polystyrene which contain 5-8% of a volatile liquid 
expanding agent. The material can be expanded to a broad range of 
densities and has excellent thermo-insulating efficiency, impact and 
shock absorbency and the ability to be moulded into simple and 
complex, rigid shapes making expandable polystyrene unique among 
thermoplastic materials. 
Production of expandable polystyrene begins with benzene and ethylene. 
Benzene, a derivative of crude oil and a byproduct of coke production, 
and ethylene, which is derived from natural gas, are combined to form 
ethylbenzene by using an alkylation process. By chemical removal of 
hydrogen (catalytic dehydrogenation), ethylbenzene is converted to 
styrene. Styrene is a clear water-like liquid composed of 92% carbon 
and 8% hydrogen (weight percentages). This material is highly reactive 
and possesses the ability to combine with itself to form a long-chain 
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polymeric material named polystyrene. Conversion of styrene to 
polystyrene is accomplished through a reaction known as suspension 
polymerisation. It is made expandable by the addition of a blowing 
agent such as pentane. 
Styrene - and a large volume of water and soap to suspend the styrene in 
the water - is added to a steam-jacketed agitated vessel. The entire 
mixture is then heated with proper agitation through a prescribed 
thermal programme. At this point, the conversion of styrene into a 
highly useful thermal plastic polymer, polystyrene requires one 
additional step. An expanding agent, such as normal pentane, is added to 
the vessel and is absorbed into the polymer through continued agitation 
and heat. When the reaction is complete, the pentane bearing beads are 
subjected to a post-reactor processing. Then they are separated by 
screening into product types according to bead size after dewatering and 
drying. The beads are solid and spherical in shape. The moulding 
process for expandable polystyrene actually follows five steps:- Pre-
expansion, Stabilisation, Moulding, Inspection and Aging. Hot drink 
cups, packaging and insulation are its major applications. 
Expandable polystyrene beads are supplied from manufacturers in an 
unexpanded form of solid small beads with a bulk density of 640 kg/m3 
(40 Ib/ft3). They are available in many size classifications, which vary 
from 0.127 to 0.381 mm (0.0050 to 0.015 in.) diameter. Since the 
blowing agent in the bead will disperse over a period of time, the usual 
shelf life for unexpanded beads is two months. Beads are first pre-
expanded to the density required for the particular application. Pre-
expansion is accomplished by either steam, vacuum or hot air depending 
on bead size and ultimate density required. In the case of pattern 
moulding for the evaporative casting process, a small bead product, pre-
expanded to a density ranging between 16 and 24 kg/m3 (1.0 and 1.5 
Ib/ft3), is required to produce the highest quality casting. Density is 
controlled by varying the feed rate and/or by mixing with the steam in a 
pre-expander to reduce its heat transfer efficiency. To expand a small 
bead product at densities below 24 kg/m3 (1.5 Ib/ft3), a vacuum pre-
expander is required. It is necessary to hold constant process variables 
73 
such as feed charge, temperature, vacuum level and time, water quantity 
and mixing time, and venting and discharge time. The bead density is 
controlled through control of the only other variable, heating time prior 
to vacuum. After pre-expansion, the beads are allowed to stabilise for at 
least one hour before moulding. This is accomplished by storing the 
beads in a fine mesh bag to allow free access of air. Small amounts of 
air permeate into the EPS after it is foamed. After pre-expansion, the 
remaining blowing agent will continue to disperse. This limits the shelf 
life of the expanded beads to approximately 24 hours. 
3.14 Casting Costs [58] 
For high volume casting the capital cost of a fully automatic plant is 
about half that of an automatic green sand plant for the same capacity. 
Substantial capital investment can be required for pattern 
manufacturing. For an alternative choice, patterns can be purchased 
from outside specialist suppliers. The pattern cost is expected to be 
about 10-20% of the total cost of the finished casting. EPC tooling has 
the advantage of a long life with low maintenance when compared with 
sand moulding's tooling. Its tooling cost is lower than either high 
volume green sand or gravity die costs. The manufacture of patterns 
and the assembly of clusters require manual labour. Overall the labour 
content is equivalent to an automated green sand plant making highly 
cored castings. The EPC process costs less in the finishing stage than 
other casting processes, especially shot blasting and grinding. Its overall 
costs are comparable with automated green sand and gravity die casting. 
Additional cost may arise in learning the new technology and 
developing casting methods for the casting products. 
3.15 Environmental Factors [58] 
3.15.1 Health and Hygiene 
EPS material and other expandable beads used for pattern are safe and 
pleasant to handle. The principal concern is the pentane gas released 
from the bead in its raw state and during pre-expansion in pattern 
manufacturing as this is a fire hazard. The hot melt glues can emit slight 
fume. Good ventilation including elimination of smoking and flames is 
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required. Normally the coatings are water based and safe to use during 
operations. 
3.15.2 Environment 
Dust may arise during sand filling. All fine particles should be removed 
in the sand treatment before the sand is returned for re-use. No smoke 
or fume is released in the foundry atmosphere during casting in the 
correct practice. Normal extraction should be provided at the sand 
shakeout area to prevent the ignition. The exhaust fumes should be 
treated to avoid problems of odour. 
3.15.3 Waste Disposal 
The used sand must be disposed of at an approved site. 
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Chapter 4 
Modelling development for the casting process 
Introduction 
General aspects of modelling in casting processes are described. The 
development of modelling for both an empty cavity mould process and 
the expendable casting process are considered. 
4.1 Modelling in general and its benefits [59,60] 
Casting processes are ideal for the production of complex three-
dimensional shapes which are difficult to produce by other methods. 
Computers are being increasingly applied to many applications in 
engineering. They are also a useful tool for research in the simulation 
of the physical processes of casting. Casting modelling deals with both 
macroscopic modelling of geometric shape and micro-models of 
material processes. It can be divided into two branches which are 
methoding and solidification. The former concerns the issues which are 
relevant to casting processes such as fluid velocities, temperatures and 
stress. The latter concerns microstructural behaviour in casting 
processes. 
Methoding can be separated into the modelling of fluid flow and the 
modelling of combined fluid flow and heat/mass transfer. The first one 
describes the flow of molten metal through the gating system into the 
casting mould cavity. The second one describes the combination of fluid 
flow and heat/mass transfer during filling the castings which is affected 
by the initial temperature distribution of the molten metal. 
Solidification can be separated into the modelling of solidification heat 
transfer and the modelling of microstructual evolution. The first one 
describes the macroscopic scale of modelling casting solidification 
which concerns the movement of freezing fronts. The second one 
describes the evolution of microstructure. 
Casting modelling contributes many benefits. Not only can casting yield 
be increased but also casting quality will be improved. Both support the 
productivity of the casting process. Another important issue is the 
reduction of the need for experimental prototypes in the evaluation 
period and the shorter lead time in design. 
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4.2 The development of modelling in an empty cavity mould 
process 
General literature reviews will be used to express the development in 
this particular area. The modelling of fluid flow in casting will be 
reviewed especially to understand the process of mould filling. 
An expert system has been recommended for use in computer designed 
gating systems according to the conflicting requirements of gating 
systems and the complexity of physical phenomena in casting processes. 
The combination of logical rules and calculation, based on the empirical 
probabilities of success, with a knowledge base of the equipment and 
accessories of the foundry shop including specification of a component, 
should help to optimise design. [61] 
According to the difficulties of computational fluid dynamics in terms 
of its algorithms, understanding and practice; discrete event simulation 
of molten metal flow within simplified geometric cavities has been 
presented as an alternative choice. It uses conditional probabilities 
collected from a water model analogy of the casting process through the 
casting geometry to provide a solution not involving fluid flow 
equations. It has a drawback in that flow cannot be predicted when the 
initial stream from the gate is blocked by an object. [62] 
Quantitative shrinkage prediction based on three dimensional computer 
simulation in steel castings has been achieved. This combines both 
solidification and heat transfer to provide a solution. Also it 
incorporates a heat-balance equation and computer graphics for 
geometry generation to produce the simulation. [63] 
Simulor, Aluminium Pechiney's software for numerical simulation for 
defect prediction, has been introduced for ductile iron. It simulates fluid 
flow in three dimensions in a cavity and models the free surface of fluid 
flow, coupled with thermal modelization including solidification. [64] 
For aluminium die casting MagmaSoft, Magma foundry technology's 
software, has been introduced to optimise the casting process through 
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simulation. It has been used to investigate the filling and flow pattern 
for complex-shaped casting geometries in the optimisation of gating 
layout, feeder sizes, locations and neck dimensions. [65] 
For gray, white and ductile iron a comprehensive casting analysis model 
for defect prediction has been presented. It uses a geometry based 
technique and Chvorinov's rule to obtain a solidification time map. 
Other three-dimensional transient numerical models, such as fluid flow, 
heat transfer and solidification were coupled with the previous result. 
Three dimensional visualisation has been used in viewing. The results of 
a trial test and a commercial casting have been compared. [66] 
4.2.1 Fluid flow modelling in mould filling of an empty 
cavity mould process 
In this section fluid flow modelling and its development in a casting 
process will be reported. The modelling is useful in investigating molten 
metal flow phenomena particularly during the initial filling stage 
because many major causes of defects can be prevented at this stage to 
produce good quality castings. This means that proper filling combined 
with a good gating system design can give a quiescent flow in 
distributing metal during mould filling with a correct filling time, 
coupled with the minimisation of gas entrapment and elimination of 
inclusions and dross. 
The computational techniques for modelling flow during this stage are 
the energy balance method and the momentum balance method. The 
first method is applied for modelling flow through sprues, runner, and 
gates where the configuration of the system controls the direction of the 
flow. The second method is applied for the calculation of the flow inside 
mould cavities where both the direction and location of the flow have to 
be calculated. The Bernoulli and Saint-Venant equations are introduced 
in the first method while Navier-Stokes equations are introduced in the 
second method. Various numerical algorithms in the Marker-and-Cell 
group of programs can be incorporated in Navier-Stokes equations such 
as Marker-and-Cell (MAC), Simplified Marker-and-Cell (SMAC), and 
Solution Algorithm (SOLA). These techniques are different in the 
78 
methods of tracking the free surface's location and the internal 
iterations. [67] 
In the early stage of development of fluid flow modelling two 
dimensional flow was considered. [68, 69] The information obtained 
included the flow pattern, velocity profile, extent of impact on the 
mould, extent of flow violence and last fill area for the gas to be 
squeezed to. Then heat transfer analysis was coupled with fluid flow for 
the filling of the casting to give extended information. [70] The 
additional information resulting can be the proper superheat for 
pouring molten metal, the temperature distribution of the molten metal 
and the temperature distribution in the mould after filling for the initial 
stage of solidification analysis. 
Computer simulation for the filling of a casting with MAC (Marker-
And-Cell) techniques [71] is presented below. 
The Eulerian and Lagrangian approaches, two classic computational 
schemes of fluid dynamics, are combined in the MAC techniques. The 
system (the configuration of the casting cavity) has been divided into a 
large number of Eulerian cells, which stay at rest. A set of Lagrangian 
markers are used to represent fluid functions. They show the fluid 
configuration which moves through the mesh of cells according to the 
flow field on the Eulerian cells. From the distribution of the markers or 
fluid functions the system could be differentiated into interior, surface, 
and exterior regions. The cells in these three regions are defined to be 
full, surface, and empty in order. 
In the interior region the flow field at each time step was calculated to 
satisfy the relevant conditions simultaneously. The conditions are the 
conservation of mass, vanishing divergence, and the conservation of 
momentum. 
In the surface region the new velocity components on the non-empty 
sides of the surface cells are calculated based upon the conservation of 
momentum. Then the velocity field is extrapolated to the empty sides of 
the surface cells to approximate the stress conditions at the free surface. 
Sometimes this is done with certain approximation to the surface 
orientation. 
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After the new velocity field is calculated, the markers (fluid functions) 
are moved and form the new fluid configuration. The calculation 
process is repeated while the system remains in consideration. 
The identification of the location of the free surfaces and the handling 
of the free surface boundary conditions are two basic problems in the 
computation of transient flow under free surfaces. The location of the 
markers or distribution of the fluid functions would decide the location 
of the free surfaces at any time. Two types of free surface boundary 
conditions are complied with. The first one is that the tangential stress 
should vanish and the second one is that the normal stress is equal to the 
summation of the externally applied pressure and the surface tension 
effect. 
Other required principles incorporated with MAC analysis are 
described in the following section. In the original MAC analysis the 
entrance velocity was assumed to be constant through the whole 
calculation. When molten metal enters the mould, it heats up the mould 
and bums the binders of the mould materials to produce the gas 
pressure in the mould. This mould gas pressure would create the 
pressure built up at the ingate and in turn reduce the entrance flow rate. 
Bernoulli's principle was applied to account for the effect of the back 
pressure at the ingate which creates the variation of the entrance 
velocity of molten metal. 
The velocity distribution at the ingate was taken into account. This used 
turbulent flow in conduits in calculation. For thin section castings the 
drag force which was exerted on the fluid motion by the two side walls 
parellel to the two directions should be considered in the Navier-Stokes 
equations. It was found that the magnitude of this drag force could be 
evaluated from the turbulent boundary layer theory. This theory relates 
the shear force on the side walls to the velocity of the bulk flow. 
The characteristics of heat transfer phenomena during the mould filling 
are the combination of three conditions. They are advective heat 
transfer in the melt through the bulk fluid motion, convective heat 
transfer between the surface of the molten metal and the atmosphere, 
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and conductive heat transfer in the molten metal, between the molten 
metal and the mould, and in the mould.(a) In addition, the amount of 
fluid in and out of every cell should be known to evaluate the amount of 
heat transfer through bulk fluid motion. MAC and SMAC are difficult 
to apply for certain cells such as surface cells. SOLA-VOF (SOLution 
Algorithm-fractional VOlume of Fluid), which is a derivative of the 
MAC and SMAC, has several advantages over its predecessors. It offers 
an efficient computation and computer storage. Its algorithm can 
monitor the evolution of the fluid domain. Also its capability can 
approximate the orientation of the free surface and evaluate the effect of 
surface tension of the melt. 
In the first study [69] SOLA-VOF techniques were used for modelling 
the transient flow of molten metal during mould cavity filling. The 
finite difference method was used to calculate heat transfer in the 
molten metal within a mould cavity. Both methods were coupled 
together in the simulation. Heat transfer from molten metal into the 
mould was considered to be a semi-infinite medium which was 
represented by an error function solution. The temperature variation of 
the molten metal and the mould during mould filling was considered 
from the amount of fluid in and out of every cell. This was done by 
adapting the principle of the conservation of thermal energy along with 
the information obtained from the SOLA-VOF analysis. 
When the mould is filling, a free surface represents the location of the 
molten metal. The velocity can be determined by the interaction of 
viscous, gravitational and momentum forces under the continuity 
condition. The relationships can be represented by the mathematical 
form of the Navier-Stoke equations. SOLA-VOF was used to solve the 
equations. It is a finite difference technique in which the flow domain is 
divided into a mesh or cells, generally in a rectangular cross-section. In 
the study reported the application was restricted to two dimensional 
flow systems which may be thin wall or axisymmetric castings. A fluid 
volume function will represent the location of the molten metal from 
(a) Note: advective adj. (Meteorology) . Transfer of heat by the horizontal flow of air 
(from The Concise Oxford Dictionary). 
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the fraction of the cell volume which was occupied by the metal. The 
function value is unity for a fully filled cell and zero for an empty cell. 
The drag forces exerted on the molten metal flow by the waIls parallel 
to the flow domain were considered because they have influence on the 
flow pattern, especially in thin wall castings. 
The Gauss-Seidel iteration method was used to solve the pressure 
distribution within the molten metal flow at each time step until it 
satisfied the continuity condition. The modification for the non-
isothermal flow condition for the freezing condition was introduced. 
The equation for heat transfer in the metal was that for a thin plate 
casting. 
The sequence of calculation was described in brief as follows:-
For each time step the identification of each cell was solved from the 
equations. It may be empty, partially filling with fluid, completely filled 
with fluid, filled with solid metal or filled with the mould material. The 
velocity field in the fluid domain was solved subsequently by the 
application of the continuity equation and the Navier-Stokes equations. 
Then the energy balance equations were introduced to determine the 
temperature distribution. The fraction liquid was decided from the 
region between the liquidus and solidus. The process would be repeated 
for the next time step. A conventional finite difference method would 
calculate the temperatures in the cooling metal and mould when the 
molten metal was completely solidified. 
A mainframe was used for calculation but a microcomputer may be 
used to display the results in graphics or animation. 
The model was applied to a series of thin vertical plate castings and also 
to a series of three-spoke wheel shape castings. The possibility of 
incomplete filling due to premature freezing (as a function of pouring 
temperature) could be predicted in the former castings. The effect of 
the molten metal during mould filling on the freezing pattern and the 
probable location of defects due to shrinkage could be shown in the 
latter castings. The former castings were produced in an aluminium 
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alloy poured in a sand mould while the latter castings were of grey cast 
iron poured in a sand mould. 
For the second study [70] the system (the configuration of the casting 
cavity) was divided by SOLA-VOF algorithm into a number of cells 
where the fluid flow variables, such as velocity and pressure, could be 
defined. A fluid function value then was designed to suit each cell's 
condition. It is unity for full cells, zero for empty cells and numbers 
between zero and unity for surface cells. The full cells collectively form 
the interior region. This region was computed for the flow field by 
applying the fluid dynamics principles, such as zero divergence and the 
conservation of momentum. They were represented in mathematical 
forms as the Continuity equation and the Navier-Stokes equations 
respectively. The Poisson equation, which was used in SOLA-VOF, was 
derived to replace the Continuity equation. The equation would be 
solved iteratively until a converged pressure or potential function field 
was obtained. This result was subsequently used in the Navier-Stokes 
equations to calculate the new velocity field. Upon starting, a tentative 
velocity and pressure field would be introduced into the system. When 
the requirement of the zero divergence was not satisfied, a pressure 
adjustment term would be calculated based on its equation and the 
amount of divergence. This term would be applied in adjusting the 
tentative pressure field and the tentative velocity field. The calculation 
was iterated until zero divergence had been satisfied for all full cells. 
The algorithm includes both pressure and velocity in the iteration to 
make it converge faster. 
In the surface cells the flow field was calculated by applying the 
principle of the conservation of momentum and the free surface 
boundary conditions. The amount of inlet and outlet transported fluid in 
the cell could be estimated after the velocity field was obtained. The 
fluid function value in the cell would be varied from the original design 
in that cell based on the net change of the transported fluid. This new 
value distribution then became a new fluid configuration. The calculated 
process started from the beginning of filling until the mould was 
completely filled. SOLA-VOF recognises the evolution of the fluid 
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domain based on the variation of a fluid function value for each cell. A 
Donor-Acceptor scheme was used to estimate the amount of this value 
which was transported in and out of a cell based on the calculated 
velocity field. 
On treating the free surface boundary conditions the tangential stress 
must vanish and normal stress must balance the externally applied 
pressure plus the surface tension effect. It is represented in the 
mathematical forms as the combination of velocity gradient and free 
surface orientation. The fluid function value distribution in the 
algorithm would estimate the surface orientation and give a better 
treatment in the free surface boundary condition. 
For the heat transfer calculation during filling a principle of the 
conservation of thermal energy was used. It meant that the input and 
output of the thermal energy in each face of a cell is represented 
through the transportation in forms of conduction and convection. The 
Fourier's First law was applied to evaluate the conductive heat flux in 
the case of within the melt, between the melt and mould, or within the 
mould. The Newtonian cooling law was applied to calculate the 
convective heat transfer between the molten metal flow and the 
atmosphere. When the amount of inlet and outlet fluid in a cell was 
evaluated, the advective heat transfer through bulk fluid motion would 
be calculated subsequently. The temperature variation of the molten 
metal or the mould in the cell could be computed from the net thermal 
energy change. It was calculated from the input and output of thermal 
energy in every cell side and melt surface. 
The model was compared to the experimental observation in 
verification. The experiments were done in either horizontal castings or 
vertical castings with thin cross-section in both a metallic and sand 
mould. 
There is a problem because of the huge load on computation and 
computer storage to support three dimensional casting modelling and 
analysis when either only fluid flow modelling or the combination of 
fluid flow modelling with heat transfer analysis is applied. [70, 71] The 
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technique of three dimensional visualisation has been presented. 
However, although this simplified presentation is useful, long computing 
times in a powerful 32-bit workstation are still required. [71] 
When the SOLA-MAC technique is applied in the simulation [71], one 
of the important problems is the method for identifying the locations of 
free surfaces. The particle-in-cell method was applied to simplify the 
computational scheme to make 3-D analysis feasible. It employed a set 
of marker particles to delineate the moving free surfaces. Further 
details can be seen in the next section. 
A marker particles' rearrangement algorithm was applied to reduce the 
heavy computing load and memories of the large number of the marker 
particles in calculation. Those particles in the surface cells and those 
interior cells which were right next to the surface cells were only 
considered while the other interior cells which were not related to the 
surface cells were neglected. 
Two types of casting were tested. The first one was a simple block 
casting from bottom ingated filling while the second one was a casting 
of a preform forging die from top ingated filling. 
For a simple block casting two different methods were introduced in the 
simulation according to the difficult task of modelling the three 
dimensional flow pattern. The first method was that the computed three 
dimensional (3-D) flow IJattern and velocity profiles were presented in 
two-dimensional (2-D) section. The section showed the two-dimensional 
velocity profile on each plane at the same location for the same and 
different instants. This method is tedious because of the requirement of 
examining the velocity profile layer by layer. Also it is difficult to 
combine these layers together in visualisation for understanding in three 
dimensions. The second method was that the computed three-
dimensional flow patterns and velocity profiles were presented in three-
dimensional projection with a certain view angle. The scales in the 
directions (axes) were adjusted to avoid the problem of all the velocity 
vectors being clustered together in the projection. The results in 3-D 
plots for the same instants as the above 2-D plots were better for seeing 
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the molten metal flow's pattern. For a preform forging die the second 
method was satisfactory. The simplification of the calculation according 
to axial symmetry of the casting was introduced in these simulations for 
decreasing the computing tasks and time. 
Some interesting research using numerical calculation has been 
published. A hybrid technique using different numerical algorithms in 
fluid flow modelling for three dimensional mould filling simulation has 
been introduced. This gave a better result in keeping track of free 
surface location and satisfying free surface boundary conditions because 
the amount and location of the molten metal flow changes rapidly within 
a mould cavity due to its highly transient behaviour. [72] 
The SOLA-MAC method, which is a hybrid computational fluid 
dynamics technique, was developed to analyse three dimensional molten 
metal flow in mould cavity filling. The SOLA method was used to 
calculate the velocity and pressure in each control element while the 
MAC method was employed to monitor the variation of the free 
surfaces as marker particles. The results of flow phenomena such as the 
flow pattern, velocity profile and pressure distribution could be 
simulated from this technique. 
The model used a finite-difference method for the mathematical analysis 
of the problems. The method divided the system (here is the 
configuration of casting cavity) into cells, which were a number of 
subdivisions. The location of the fluid at any instant was represented by 
introducing a set of imaginary markers into the system. The application 
of fluid dynamics principles would be calculated to find out the velocity 
field of the moving fluid domain. The new locations of the fluid domain 
were moved along the markers according to the previous calculated 
velocity field. This procedure was done from the beginning of filling 
until the mould cavity was completely filled. The details can be 
explained as follows. 
At the beginning a number of marker particles were placed at the 
ingate. The fluid domain identification was designed as a cell in either 
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one of these three conditions which were full (interior), surface or 
empty depending on the location of markers. A full cell contains at least 
one marker. All of its neighbouring cells contain markers too. A 
surface cell contains at least one marker while at least one of its 
neighbours has not any markers. An empty cell contains no marker. The 
velocity and pressure fields within the flow domain could be calculated 
after the flow domain and the corresponding regions of the domain had 
been identified. Then the marker particles would move according to a 
weighted average of its nearest neighbouring cells' velocities after the 
velocity field of the flow was calculated. The distribution of the marker 
particles in those cells would define the boundaries of the flow domain 
for the next time cycle. 
The physical principles for interior-region flow calculation should be 
performed in a cell volume. The continuity equation in a Cartesian 
coordinate system was applied as mass flow in equals mass flow out. 
This is the nature of incompressible molten metal. The momentum 
equations are in the mathematical form represented by the Navier-
Stokes equations. This is the principle that momentum change equals 
momentum in minus momentum out. The SOLA method was used to 
derive a pressure adjustment term from these equations. 
A prescribed or assumed pressure field in the Navier-Stokes equations 
was set initially to calculate a tentative velocity field. A pressure 
adjustment term was calculated based on its equation and the amount of 
divergence when the zero divergence was not satisfied. Then this 
adjustment term was used to adjust the tentative velocity field. The 
iterated process was repeated until the zero divergence was satisfied for 
all the cells in the interior region. Both the pressure and velocity were 
included in the algorithm which made the iteration converge quicker. 
For the surface region the principle of the momentum balance and the 
Navier-Stokes equations were applied. The free surface boundaries 
would be satisfied under both of the following conditions. The first one 
is that tangential stress to the surfaces must vanish and the second one is 
that normal stress to the surface must balance with the externally 
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applied normal stress. Accurate knowledge of the free surface 
orientation, which is difficult to obtain, concerns accurate application of 
the free surface boundary condition. Some simplifications were 
suggested to the cited article in the reference. 
Two measurement techniques were applied in the experimental studies. 
The first one was that the high speed camera recorded the observed 
fluid flow directly using a dyed water in a plexiglas mould to simulate 
molten metal in a sand mould. This technique can only be used to 
observe a two-dimensional flow pattern. The study was done in a 
horizontal disk plate casting. 
The second one was the contact time method. A set of copper wires 
were inserted as sensors to detect the time of the melt flow at various 
positions in the mould cavity. The flow pattern could be obtained by 
interpolation of the measured contact times. 
In the experiments aluminium alloy A356 was poured in a circular disk 
plate casting with and without smaller circular holes distributed 
circumferentiall y. 
The capability of handling a complex casting in three dimensions was 
improved to extend the accuracy and efficiency of mould filling 
modelling from the previous analysis for simple casting geometries. [73] 
The techniques of the improvement were:-
1. An irregular mesh system was introduced to handle the geometry. 
2. A turbulence model was incorporated to evaluate the turbulence 
viscosity. 
3. An algorithm for velocity and pressure calculation was used to 
improve the efficiency of the iterative calculation. 
The fluid flow phenomena during the filling of casting deals with a 
transient flow problem with free surfaces. Their locations can be 
calculated by the theories of computational fluid dynamics techniques. It 
was found that MAC (Marker and Cell) and SOLA-VOF (Solution 
Algorithm Volume of Fluid) are suitable to solve this kind of problem. 
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Two-dimensional filling pattern analyses based on these techniques are 
sufficiently accurate, however, three-dimensional ones are obviously 
important for actual castings. 
There are a number of problems in the development of 3-D analysis. 
The problems relate to the capability of handling the actual geometry of 
castings and the improvement of the accuracy and efficiency. Some of 
these are discussed in the following section. The geometries of castings 
mostly are discretised into a regular mesh system which is not suitable 
for actual castings. Also this mesh system normally requires a powerful 
computing system like a workstation or a supercomputer to support the 
work. The assumption of a laminar flow in filling for most models 
cannot represent the true characteristic in castings. This simplification 
introduces inaccuracy in the calculated results. The pressure field in 
computing the flow field in the modelling should be improved to 
support not only the efficiency of the modelling but also the capability 
of the modelling in treating a complex geometrical casting. Finally the 
reliability of the mathematical model should be supported by the 
verification of experimental results. 
The following explanation describes the mathematical methods which 
were used in the model. 
• Molten metal was considered as an incompressible fluid. So the 
continuity equation could be derived based on the law of mass 
conservation. 
• The phenomena of fluid flow based on the law of momentum 
conservation could be described in the form of the Navier-Stokes 
equations. The nonconservation form of these equations was introduced 
to improve the numerical accuracy when employing the irregular mesh 
system. The finite difference method was applied to the hybrid 
computational technique of MAC and SOLA. The velocity components 
of the variables were considered to locate on the centres of the surface 
of a cell instead of the centre of a cell. It was reported that this method 
resulted in accuracy and stability of the numerical calculations. 
• The molten metal flow in the mould cavity during filling is normally 
accepted to be a turbulent flow. In an engineering approach the 
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additional momentum transport due to turbulence should be considered. 
This refers to a turbulence viscosity. It is a function of the flow system 
and varies with time and location. The effective kinematic viscosity in 
the viscous terms of the momentum equation is not a constant because it 
is also a function of time and location. A turbulence model which was 
used to evaluate the turbulence viscosity could be represented in two 
equations. The first one was the equation of turbulent kinetic energy 
while the second one was the equation for dissipation rate of turbulent 
kinetic energy. They are known as a K - E two equation model. 
The effects of the solid wall on the flow field were considered in terms 
of a wall shear stress and a wall function. The wall shear stress is a 
resistance to the flow due to friction. It was included in the momentum 
equations. The wall function was used to specify the values of K and E 
of the cells adjacent to the wall, based on the logarithmic law . 
• For the pressure field calculation in this computational fluid dynamics 
(CFD) code three methods were considered which were SOR 
(Successive Over-Relaxation), CGM (Conjugate Gradient Method) and 
PCGM (Preconditioned Conjugate Gradient Method). The last one, 
which had been developed to improve the efficiency of convergence, is 
suitable for the analysis of complex castings. It reduced the iteration 
number but the required computation for each iteration was longer 
compared with the other methods. 
The copper wires as sensors were inserted to detect the molten metal 
flow at various positions in the mould cavity. This method would 
measure the contact time of the flow to provide information about the 
filling pattern. The vertical-type gravity casting of A356 aluminium 
alloy poured in the metallic mould of S45C carbon steel was used in the 
experiment. Experimental results were used to compare with the 
calculated results in the mathematical model. The comparison showed a 
good consistency. 
The verification of computational modelling with experimental 
observation is essential to confirm consistency. Many techniques can be 
applied as mentioned earlier such as high speed filming of Plexiglas-
water model, x-ray filming of the actual mould cavity and actual 
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measurement of the elapsed time of molten metal flow in the mould 
cavity. [68, 72, 73] 
The later stage of the development in fluid flow modelling, coupled 
with heat transfer analysis has been reported. The molten metal's flow 
behaviour, in both cast iron and aluminium alloy, was observed in 
experiments using a heat resistant glass window. The inlet condition of 
the pouring and gating system were taken into account in the modelling 
because pouring rate and ingate velocities change during mould filling 
and influence the flow pattern. [74] 
Mould filling experiments had been done in different pouring systems 
of bottom and stepped side gating in a vertical plate casting. These two 
different pouring methods for mould filling under gravity pouring were 
introduced using either an overflow pouring cup with a stopper to give 
a constant pouring rate or a manual sprue cup for free falling. A high 
speed 16-mm film camera recorded the molten metal flow in a pouring 
system and mould cavity through a transparent heat resistant glass 
window attached at one side of the mould. Each experiment was 
duplicated for reliability purposes, however, mould filling experiments 
which were carried out in identical conditions never produced exactly 
the same results. 
The Navier-Stokes and the continuity equations were used to calculate 
the flow of molten metal. Conduction and convection are also concerned 
in heat transport. The free surface of the molten metal was indicated by 
means of a fluid function. It is a step function which represents the 
fraction of the element filled with fluid. The surface tension pressure of 
molten metal was considered in another equation to indicate a convex or 
concave surface. A structured orthogonal mesh was used to discretise 
the geometry of the mould and the casting in the modelling. It used 
finite volumes of rectangular parallelepipeds with a variable size along 
the three coordinate axes. The drawback of this method is that round 
corners in the gating system and inclined walls at the ingate could not be 
represented as they were normally applied in practice. The solution of 
velocities and the pressure correction used an adopted SOLA algorithm. 
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There were two differences from the original one. The first is that at 
the certain time level both the Navier-Stokes equations and the 
continuity equation were included during each step in the iteration 
procedure and were updated until the residual error dropped below a 
certain value. The second is that the full continuity equation was used to 
solve the pressure correction in one cell. This means that the pressure 
changes of the particular cell and its neighbours were taken into 
account. To speed up convergence a suboptimum over-relaxation factor 
was introduced in this pressure correction calculation. Other techniques 
also used in various aspects were as follows. The Gauss-Seidal method 
was used to solve the discretized momentum and continuity equations 
with the nonuniform meshes. A compensation technique in the fluid 
function was provided to present the loss of the liquid in incompletely 
filled elements. The Saul'yev explicit method was used to solve the heat 
transport equation while material thermal properties were considered to 
vary as a function of temperature. 
An incompletely filled down sprue at the beginning of pouring was 
frequently observed in the experiments. The simulation allowed the 
elements in the calculation which have been filled to become empty later 
on then the formulations of waves can be produced. The incomplete 
filling of the mould due to the cooling of molten metal can be done in 
the simulation. The method was that the fraction solid had become 
higher than a critical value then the metal in the element became 
stagnant. 
The basic procedure for solving the mould filling and solidification was 
written as follows:-
1. The fluid fraction (a step function that represented the fraction of the 
element filled with molten metal) was updated to achieve a new fluid 
location. A pressure field may be assumed or taken from the previous 
result. 
2. A tentative velocity field was calculated by substituting the current 
velocity and pressure field into the Navier-Stoke equations. 
3. Then the pressure corrections could be estimated by applying the 
tentative velocity field in the continuity equation. 
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4. The tentative velocity field was improved according to the pressure 
changes. 
5. Steps 2 to 4 were repeated until the divergence became smaller than a 
given convergence error. 
6. The heat transport equation was solved. The flow in the element 
would stagnate in the condition that the solidified fraction of an element 
was larger than a critical value. 
7. The increment in time was calculated according to the stability 
condition. 
8. The whole procedure would be repeated from step I until the casting 
was completely filled or all the surface elements were stagnant. 
9. The obtained results, as the velocity and temperature distributions in 
the casting and the mould, were used as the initial stage for simulating 
natural convection, solidification, and microstructure. 
4.3 The development of modelling in the expendable pattern 
casting process 
The phenomena in the expendable pattern casting process differ from 
those in an empty cavity mould process. The studies tried to describe 
characteristics of the process from the mathematical calculation based 
on some assumptions and to predict the influence of several casting 
parameters in the process. In a numerical study of fluidity in this 
process, including the latent heat effect [75], there were two major 
assumptions. The first one was that molten metal speed is determined by 
the pattern decomposition rate. The second one was that molten metal 
flow is a transient plug flow, which means the flow is one dimensional 
flow while its speed is a function of time. So the molten metal flow 
speed is dependent on the heat transfer rate from the molten metal front 
to the pattern. These assumptions make the numerical algorithms 
dedicated to handle flow with free surface or boundaries in an empty 
mould process obsolete. The latent heat release, due to casting 
solidification, can increase the remaining molten metal's fluidity. From 
the diagram of molten metal flow speed and time the metal flow speed, 
with and without including the latent heat release, decreased with time 
because the molten metal front temperature decreases with time. The 
molten metal flow with including the latent heat release provides 
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additional energy to increase the speed over that without induding it so 
the molten metal can flow further in distance. 
The study was investigated in a plate-shape casting. In the mathematical 
formulation the latent heat release due to alloy solidification and the 
governing equations which are non-dimensionalised for generality were 
considered. The latent heat of solidification was assumed to be released 
linearly between liquidus temperature and solidus temperature. The size 
of the domain was increasing with time during the molten metal filling. 
Moving coordinates were established at the molten metal front while the 
casting temperature equation was established based on Lagrangian 
formulation. The boundary conditions involved were convection heat 
transfer between the molten metal and the sand mould, and between the 
molten metal front and the pattern, the temperature of sand mould and 
pattern, the symmetrical geometry of the casting and the casting 
temperature at the entrance, which equalled the pouring temperature. 
The consumed energy for pattern decomposition was directly related to 
the heat transfer from the molten metal front without heat loss to 
conduction in the pattern due to its insulation property. Also the 
transient heat losses from molten metal to sand mould and to the pattern 
decomposition were considered in the calculated equations. The 
equations were solved by a finite element program based on the 
standard Galerkin formulation using isoparametric elements. Non 
uniform grids were used to obtain the best possible accuracy of the 
solution. 
Two kinds of computation were performed. The first was calculated 
based on the given thermophysical properties and casting conditions. 
The solution was to study the effect of each casting parameter on molten 
metal fluidity. The involved casting parameters were molten metal 
temperature distribution, molten metal flow speed, molten metal flow 
distance, and heat loss from the molten metal to the sand mould and to 
the pattern decomposition. All parameters were in a transient condition. 
The second one was calculated by varying each casting parameter while 
the others were constant. The calculations were performed until the 
average molten metal front temperature equalled the solidus 
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temperature. The solutions with and without considering latent heat 
release due to solidification were presented in some cases for 
companson. 
Due to the complexity of the phenomena of the process one research 
project divided its study into three parts which were:-
1. Metal flow and heat transfer during filling stage. [76] 
2. Determination of possible carbon pick up. [77] 
3. Heat/mass transfer in sand mould and its effect on casting 
solidification. [78] 
The first part of the study concentrated on molten metal flow and heat 
transfer from flowing metal to the mould and to the pattern 
decomposition during the filling stage. The study reported that 
incomplete fusion and cold shut defects may be due to the cold molten 
metal front. High pouring temperatures influence the molten metal 
flow. The average molten metal flow speed and flow distance decrease 
significantly when the pattern density increases. The amount of gases 
generated in decomposition, the pattern rigidity and the flow ability of 
molten metal can be affected by pattern density. The casting 
temperature distribution determined in the study could be used as the 
initial stage for casting solidification modelling. 
The mathematical model was established to investigate molten metal 
flow and heat transfer in mould filling of a plate shape casting. Many 
assumptions were made as follows. The pattern decomposition rate 
directly influences the speed of molten metal. The molten metal flow is 
a transient plug flow in one dimension while its speed is a function of 
time. The heat transfer coefficients (such as heat transfer by conduction, 
convection and radiation from molten metal to sand mould, and heat 
transfer from molten metal front for the pattern decomposition) were 
considered to be constant. Both the latent heat release due to casting 
solidification, and the surface tension between molten metal and coating 
were negligible. 
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Here the Lagrangian formulation was applied for the governing 
equation for casting temperature. The equations of heat transfer 
between molten metal and the sand mould, and between molten metal 
and pattern including the conditions with the casting temperature and 
pouring temperature were established as the boundary conditions. The 
transient molten metal flow speed was determined from the equation of 
the conservation of energy at the molten metal front. It represented the 
energy required for pattern decomposition which was calculated from 
the mathematical operations of the heat transfer rate from the molten 
metal front and the heat loss due to conduction in the pattern. The heat 
loss from the molten metal front to the sand mould was assumed to be 
negligible in this equation. Both equations of the molten metal flow 
distance, as a function of time, and the transient heat loss from molten 
metal to sand mould and to the pattern decomposition were also 
established by calculation. 
Since the filling of molten metal concerned an increase in the size of the 
domain with time, which is a type of moving boundary problem, a finite 
element program based on the standard Galerkin formulation using 
isoparametric elements was developed to analyse the problems. Since the 
problem involves non-linear material properties like thermal 
conductivity and specific heat, iterations in calculation of computational 
cycle were repeated within each time step until convergence of solutions 
was achieved. In starting the calculation the initial molten metal flow 
speed needed to be included in the iteration. 
The second part of the study concentrated on the methodology in 
predicting the possible carbon pick up in steeViron castings. The study 
was based on two mechanisms which are total quantity of polystyrene 
mixture in the sand mould, as a function of time, and the transient 
diffusion of carbon in the molten metal. The maximum thickness of 
carbon-defect-free castings was determined. 
Two diffusion mechanisms - the diffusion of the polystyrene mixture in 
the sand mould and the diffusion of carbon in the molten metal - were 
separated and studied individually. Pouring temperature, which was a 
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constant casting temperature, was used in the calculation of these 
mechanisms. Generally the diffusion of polystyrene mixture in the sand 
mould is a combined result of the temperature, concentration and 
pressure gradients in the sand mould. This is also similar to diffusion of 
heat and pressure in the sand mould. The formulations to be derived in 
the study came from the research in systems of differential equations of 
heat and mass transfer in capillary porous bodies. Two assumptions 
were given. The first one was that the sand mould is isotropic and 
homogeneous. The second one was that the polystyrene mixture has the 
temperature equal to the sand grains at any point in the sand mould. In 
mass transfer the driving potentials for mass flux through the sand 
mould were given under the pressure, temperature and concentration 
gradients. In heat transfer the energy equation in the sand mould was 
obtained under the principle of the conservation of energy. In pressure 
equations the decomposed polystyrene mixture in small spaces among 
sand grains behaved according to the universal gas law. These equations, 
together with their associated boundary and initial conditions could be 
solved for the polystyrene mass, temperature, and pressure distributions 
in the sand mould. The diffusion of carbon into the molten metal was 
established as a function of time while the carbon diffusion coefficient 
in the equation was a function of the molten metal temperature. 
The above differential equations for heat transfer, mass transfer and 
pressure in the sand mould were highly nonlinear. The phenomena were 
coupled together. A semi-implicit finite difference method, together 
with the Gauss-Seidel iteration scheme, was used to solve these 
differential equations. Variable time-step-size and variable space-size 
were adopted in the calculation for the accuracy of the solution. 
From the previous calculations the determination of maximum thickness 
of carbon-defect-free castings was estimated in the following steps:-
I. The carbon-pickup layer and the maximum carbon content for a 
given steel/iron casting was defined. 
2. The time required to form the carbon-pickup layer in the casting was 
found out from the result in the diagram of carbon content distribution 
in casting as a function of time. 
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3. The total quantity of the polystyrene diffused into the sand mould 
during the carburisation time, obtained from the previous step, was used 
to find out the quantity of polystyrene mixture in the sand mould as a 
function of time in another diagram. 
4. Finally the maximum possible casting thickness which should be free 
of carbon defect could be determined from the diagram of quantity of 
polystyrene mixture in the sand mould as a function of casting thickness 
for a given pattern density from the resultant value in step 3. 
If the casting solidification was taken into account, the thickeness of this 
carbon-rich layer may be predicted precisely. 
The third part of the study resulted from the previous studies in 
considering the characteristics during solidification. The heat transfer in 
the mould is enhanced by the transfer of the polystyrene decomposition 
products. The casting cooling rate is increased due to this transfer. 
Casting carburisation occurs within a short period of time after molten 
metal is poured according to the high metal temperature. 
Casting solidification was investigated and combined with the two 
previous parts of study. The lumped-system approach was adopted for 
the analysis of casting solidification instead of the enthalpy method. This 
assumed that the casting temperature was uniform throughout at a given 
time. Because the previous research showed that the spatial temperature 
variation in the casting exists only at the beginning of pouring then 
casting temperature tends to become uniform. 
Two sets of equations were solved for a complete solution. The first set 
was related to the molten metal with which the casting temperature and 
the carbon diffusion in casting as a function of time were associated. 
Another set dealt with the sand mould with which the transient 
distribution of temperature, pressure, and polystyrene mixture were 
associated. Both sets of equations were coupled through their boundary 
conditions at the molten metal-mould interface. 
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Another study of the expendable pattern casting filling process has been 
presented. Two main topics were considered. The first one was the 
mechanism of the decomposition of the foam pattern. This study 
compared the measured velocity with the calculated velocity. The 
measured velocity came from the distance that the molten metal flowed 
in the time interval on the record of a high speed video system during 
the filling process. Filling was observed through a heat resistant glass 
window at one surface of the mould while the calculated velocity came 
from a computer model using a simple calculation based on the chemical 
bonding energy and an energy balance. The second topic was the 
amount of decomposition products condensed in the mould after 
pouring. This study was estimated by a simple mass balance and LOI 
(loss of ignition) data. Finally the amount of sand above the pattern was 
estimated to prevent mould collapse during filling. [79] 
The experiment was set up by pouring the molten aluminium through 
the core sand gating system into the horizontal mould cavity, which was 
either empty or contained the foam material. The velocity of the metal 
front during mould filling in the EPC process was firstly investigated. 
The velocities in various conditions were calculated or measured to 
compare their results. The velocity under frictionless flow in an empty 
mould was estimated theoretically using Bernoulli's equation. The 
velocity, under friction due to the gating system, was estimated by using 
the result from pouring in a water experimental model. This was given 
the inlet mould velocity from the gating system. Then the velocity under 
friction due to gating system and mould wall in an empty mould cavity 
was detected with the following methods. A high speed video camera 
was used to record the molten aluminium in mould filling through one 
surface of the mould which was covered by a heat-resistant glass 
window. The metal velocity was checked again from the video 
recording. The same technique was also applied to find out the metal 
velocities under friction loss due to EPS patterns of different bead 
densities. 
Subsequently a computer model was designed to calculate the velocity of 
the metal front for the simple plate casting produced by the EPC 
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process, which was similar to the experiment. The following 
assumptions were introduced. The speed of the metal front is 
determined by the decomposition rate of the EPS pattern. The metal 
flow is a transient plug flow in one dimension while its speed is a 
function of time. Thermal conductivity, heat capacity and density of the 
foam and sand including the density of molten metal, which deal with 
the heat transfer coefficients, were considered to be constant in the 
system. 
The moving molten metal front with time during the mould filling 
(Equation 1) was established using a thermal balance based on the 
Lagrangian formulation. All the static and kinetic variables in the 
formulation are referred to the initial configuration at time zero (the 
starting time). Its transient flow speed (Equation 2) was determined 
from the conservation of energy at the metal front. This meant that the 
energy required to decompose the pattern came from the heat transfer 
from the metal front per unit time while heat loss to the EPS pattern per 
unit time due to conduction was neglected because of its insulation 
property. The distance from the gate to the molten metal/pattern 
surface at any time (Equation 3) and the temperature distribution at the 
next time step (Equation 4) were established by calculation. 
The sequence of solution procedure was explained as follows:-
1. Equation 1, together with boundary conditions for governing 
equation and values of physical constants used in the equations, was 
solved for the temperature distribution in the domain when the domain 
size in the horizontal direction and the initial nodal temperature had 
been known at any instant of time. 
2. Equation 2 was solved for the speed of the molten metal front. 
3. The new domain, from the increment of the previous domain, was 
. remeshed. The nodal temperature and boundary conditions were 
assigned to new elements by interpolation. 
A finite element program based on Galerkin formulation using 
isoparametric elements was introduced to solve Equations 1 to 3 with 
the list of boundary conditions. 
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This calculation was repeated until the average temperature at the 
molten metal front boundary falls below the solidus temperature of the 
alloy. 
4. Equation 4 was iterated to perform within each time step until 
convergence of the solution was achieved. The iterations should be done 
because the analysis involves a transient thermal condition with 
nonlinear material properties such as thermal conductivity and thermal 
capacity. The temperature distribution at the next step was produced 
from this equation. 
The results from the computer model showed that both calculated 
fluidity and molten metal velocity increase with increasing pouring 
temperature and decrease with increasing foam density. The calculated 
fluidity is the distance that the liquid metal will flow before it cools and 
solidifies. The velocity of the molten metal front is inversely 
proportional to the heat of decomposition. The heat of decomposition is 
the total energy removed from the molten metal front, including 
softening the foam (glass transition), heating the polymer (heat content) 
and decomposing the polymer. 
Mass balance calculation in the EPe process was introduced to estimate 
the amount of decomposition products from the pattern material in this 
process. The weight of decomposed EPS pattern should be equal to the 
summation of the weights of decomposition products that remained 
trapped in the coating, that were condensed in the sand, and that escaped 
into air if there was theoretically decomposition occurring without any 
oxidation. The values of EPS density, a silica-based coating's density, 
the coating thickness and the density of compacted sand in the mould 
were given for calculation. It was assumed that the decomposition 
products passed through the coating direct to the projection area into the 
sand mould. The data for loss of ignition in the calculation came from 
the measurement conducted on the coating and sand in the experiments. 
The weight of decomposition products trapped in the coating was 
estimated from the calculation of the mUltiplied product between the 
weight of coating and the loss of ignition. The weight of decomposition 
products trapped in the sand was estimated from the calculation of the 
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multiplied product between the weight of compacted sand in the 
investigated projection area & distance and the average value of loss of 
ignition. The percentage of total decomposition product produced from 
the original weight of considered foam pattern could be calculated. 
Total decomposition products, as the numerator, is the summation of the 
weight of decomposition products both trapped in the coating and the 
sand. The weight of the considered foam pattern's volume became the 
denominator. Then the above percentage was determined from this 
fraction value, which was the product of the numerator divided by the 
denominator, multiplied by one hundred. The result suggested that most 
of the decomposition products from the EPS pattern material are lost in 
the form of gases to the surrounding areas. 
The consideration of the energy balance in the EPC process was 
concentrated on the reactions during the decomposition stage. This 
involved the bonding energy in decomposition and the amount of heat 
required to effect decomposition. The bond energy calculation was 
considered through two main chemical reactions. The first one was 
about breaking hydrogen bonds from the carbon chain in polystyrene 
and oxygen inside the foam to form water molecules. If the oxygen 
inside the foam is consumed during decomposition there is an 
exothermic reaction which releases heat. However it is difficult to 
establish that all of the oxygen is consumed. This reaction helps the 
carbonisation of the decomposition product especially when pouring a 
high melting point alloy. The second one was about the mechanism of 
carbon oxidation by the oxygen present inside the foam. The result was 
that endothermic heat was required to impel the reaction which is not 
likely to happen spontaneously. Both above calculations used the ideal 
o gas rule at room temperature 25 C and the strength of bonds in 
polymers to deal with the chemical reactions. 
The ratio of amount of heat required to decompose the pattern and 
amount of heat content in liquid molten metal was calculated for the 
same considered unit of volume. Total heat required to decompose the 
pattern is the summation of the melting heat, heating heat and 
decomposition heat. The first term came from the multiplied product of 
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heat of melting and weight of foam. The second term came from the 
multiplied product of specific heat, the different temperature of peak 
temperature of decomposition and mould temperature, and weight of 
foam. The third term came from the multiplied product of heat of 
decomposition and weight of foam. The result would estimate the 
energy in terms of heat in molten metal to decompose the foam pattern 
during filling. 
Finally the amount of sand or thickness of sand above the casting was 
considered to avoid the problem of mould collapse during mould filling. 
At the proper pouring (sprue) height the static pressure from molten 
metal under gravity pouring should equal the weight of sand above the 
casting. In the condition that the static pressure increment is greater 
than the vertical stress on the top of the casting surface, the molten 
metal's pressure can push the sand away and cause a casting defect 
unless an additional weight was applied to the top of the sand. 
The increment of static pressure at the position of the top of a casting 
under gravity pouring can be considered by Bernoulli's equation. The 
vertical stress on the top of the casting surface can be calculated from 
the weight of the compacted sand above the casting surface. 
The last study was computational analysis of fluid flow and heat transfer 
in this process. [80] It simulated the fluid flow and heat transfer during 
mould filling and the subsequent solidification in a three dimensional 
casting. The equations of momentum, heat and mass transport were 
introduced to solve, using the finite difference method, for molten metal 
flow interacting with the decomposing pattern and the coating. The 
major simplification and assumptions were:-
1. The molten metal is an incompressible fluid and Newtonian flow. 
2. The decomposition rate of the pattern is a function of the temperature 
and pressure at the molten metal/pattern interface and the casting 
section modulus around that region where the degradation happened. 
3. The solidification rate of the casting is proportional to the square of 
the product of undercooling, liquid fraction and solid fraction. 
The results were verified with published experimental data. 
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In mathematical formulations the equations are based on the 
fundamental principles of conservation of mass, momentum and energy. 
The equation of mass could be reduced to the continuity equation in the 
interior of flow where volume fraction of the melt in a control volume 
equals to one. The heat flow from the molten metal to the pattern at 
their interface is the conductive heat flux which is a function of the 
mUltiplied product of density of molten metal, heat required for pattern 
decomposition and pattern decomposition rate. Other boundary 
conditions were listed as follows:-
1. The velocity vector is zero at the solid boundaries; 
2. The derivative of tangential direction with the normal direction at the 
free surfaces is zero. 
3. The conductive heat flux vector at the free surfaces is also zero; 
4. Pressure in the molten metal equals the pressure at the void at the 
free surfaces. 
The equations governing these boundary conditions were solved by the 
finite difference method. The solution details were published in other 
references cited in the paper. 
The regions of defect prediction were analysed and identified under the 
authors' comprehensive graphics programs. The principles in prediction 
of surface folds and laps were mentioned. Flow front locations were 
used to predict the defect from two melt flow fronts joining at a point 
where the decomposition products were trapped. A tracing technique 
was applied to check this kind of defect. The variable A was introduced 
to be a determined value along these five possible situations. The first 
one is that the defect is absent in the beginning of the molten metal at 
the ingate (A=O). 
The second one is that the defect occurred when both molten metal 
fronts met and the pattern material or the decomposition products were 
trapped (A=l). 
The third one is that the molten metal flows mixed and destroyed the 
defect (A=O). 
The fourth one is that the melt is extremely hot and eliminates the defect 
(A=O). 
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The fifth one is that the defect can be moved from one place to another 
by the flow according to the transport equation. 
An example of the analysis was introduced. The aluminium alloy 319 
was applied in the example because information was available on the 
flow characteristics during the EPC process from the previous research 
of a different author. The fundamental properties of a casting metal, 
mould and EPS pattern were given to be the input parameters for the 
calculation. For example they were range of melting temperature of a 
cast metal, initial mould temperature, pouring temperature, densities of 
a casting metal, mould and EPS pattern, specific heat, thermal 
conductivity, heat of fusion, heat of degradation of pattern, constants 
for solid fraction calculation in the metal, and pattern decomposition 
rate. 
For the suggestion the computing time was about five hours on a 
workstation with the number of finite difference cells between 100,000 
and 500,000. 
The primary output variables for each time step are 
- free surface locations of the molten metal, 
- pattern configuration, 
- flow velocities, and 
- temperature in the casting and mould. 
These outputs could be visualised to show mould filling, the temperature 
distribution and the pattern decomposition sequence. 
The following analysis could be conducted from these results: cooling 
curve; solidification time; thermal gradient and isotherm velocity 
during solidification; and solid fraction gradients. These results 
combined with the graphical visualisation would give a clear image 
during the process. 
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4.4 Objectives of this modelling research 
4.4.1 The purpose of this research modelling 
1. It mathematically expresses the phenomena of the expendable pattern 
casting process (EPC). This is especially important for pattern 
decomposition due to molten metal flow, which is the main 
characteristic of the EPC process. The numerical values of velocity, 
which can be calculated from the result of experimental measurements 
to represent the flow pattern through the gating system in mould filling, 
can be determined. 
2. To establish a K value to represent the correction factor which must 
be applied to mould filling time calculations and to reflect the deviation 
from mould filling times calculated using standard formulae applicable 
to empty mould conditions. 
4.4.2 The benefit of the experimental work in modelling 
A method of detection of the metal front during filling of the mould 
cavity is essential. The results which are calculated can be expressed in 
terms of the velocity at each measured interval at the specific positions 
in a casting system. 
In the author's view this will help to control the filling pressure during 
the time of pouring. Also it may identify the need for the modification 
of pattern design to balance the filling force in pouring rate and the 
decomposition products' pressure during the pattern decomposition 
stage. 
At present there are no suggested methods to help in design of this 
casting process in practice. The method in the experimental work is 
based on scientific logic and is easy to understand. It should be useful to 
support the design experience of this process. 
4.4.3 Solutions of mould filling in EPC process 
The successful mould filling in this process should be dependent on: 
1. Heat transfer. This means the amount of heat which is sufficient to 
decompose the casting pattern completely. 
2. Mass transfer. This means the factors in the elimination of the 
decomposition products from the mould cavity. The main factor of 
concern is the optimisation of the techniques and methods applied to suit 
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the elimination of the pattern for a particular alloy system. The nature 
of both casting material and pattern material may influence the selection 
of these applied factors because they should not only provide a 
satisfactory mould filling but also support a qualified solidification. 
Cooling rate and microstructure of a casting including the presence of 
defects, like porosity, inclusion, carbon pick up and etc. reflect the 
result of the applied factor(s) effect on solidification. Also the success of 
the applied factor(s) directly shows in the appearance of the 
microstucture and the mechanical properties of the casting. 
3. Energy. The issue here is the kinetic energy of molten metal which is 
a function of the pouring head (positive) and the retardation caused by 
pattern decomposition (negative). The pouring method is also important 
in supporting a required filling rate in a particular location along the 
mould cavity during mould filling. 
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Chapter 5 
Experimental Methods and Materials 
Part A : Experimental Work on the Casting Process 
5.1 Introduction 
There were two main purposes according to the first objective of the 
research presented in Chapter 1. The first objective of the experimental 
programme was to achieve the qualified microstructure of magnesium 
alloy ZRE 1 produced by the expendable pattern casting process that 
provides satisfactory mechanical properties. The second one was to 
define the problems and solutions which occur during the experimental 
work. The experimental work first considered production under gravity 
pouring. It was divided into two stages. The first was the study in sand 
casting gravity pouring. The topics concerned were: correct melting 
procedure, in both fluxless and flux melting; feeding design of the 
casting; the methods in metallography including polishing and etching 
principles; and coating for EPS patterns. The purity of the melt through 
melting procedure was also observed in this stage. This helped to 
understand the nature of magnesium alloy ZREI. The second stage 
concentrated on the study of process parameters like filling pressure and 
vacuum assistance, the effect of pattern orientation on filling, both 
vertical and horizontal, and different filling methods such as top and 
bottom gating, and the effect on filling step bar patterns. The 
evaluations were observed through the microstructure of polished 
specimens cut from the centre part of the castings by using optical 
microscopy. 
The unsatisfactory results for gravity pouring in this step led to 
the study of counter gravity pouring. 
The study of the production under counter gravity pouring was 
divided into two stages. The first studied the effects of process 
parameters. Pattern orientation and gating ratio were investigated. Also 
process parameters, such as filling pressure with and without vacuum 
assistance; or pattern bead density, were investigated. As with gravity 
pouring, the microstructure of the castings was observed by using 
optical microscopy. The initial understanding provided the outline for 
the design of experiments for the second stage. This stage compared the 
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effect of the different conditions of test bar production in the following 
pourings which were sand casting gravity pouring with filtration and 
counter gravity pouring in EPC process with filtration. For the counter 
gravity pouring in EPC process the filling pressure and pouring 
temperature were the main process parameters and their levels were 
varied to determine their effects. The low pattern bead density was used 
in the pourings because less defects occurred in the microstructure than 
resulted from the previous investigation in the experimental work. For 
comparison of mechanical properties, tensile tests at room temperature 
were performed. Their fractures were observed using scanning electron 
microscopy. Also microstructures of the selected samples in those 
specimens were investigated in unetched and etched conditions by using 
either optical or scanning electron microscopy. Spectroscopic analysis 
was used to define chemical composition in the observed area and to 
identify the type of defects. 
The following sections explain the details further. Equipment and 
materials in section 5.2 are concerned with both methods of counter 
gravity pouring and gravity pouring. Tensile testing and metallography 
are described subsequently. Casting trial experience in section 5.3 
explains the experimental work in all steps which are gravity pouring 
method, counter gravity pouring methods and then the last stage of test 
bars' casting in EPC counter gravity pouring. The experimental work is 
reported in chronological order. 
5.2 Equipment and Materials 
5.2.1 Counter Gravity Pouring Method 
The following working procedures will be described: 
• Pattern Design & Production 
• Pattern Assembly 
• Mould Production 
• Materials Preparation 
• Equipment Preparation 
• Melting & Pouring (including safety regulations) 
• Finishing 
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Pattern Design & Production 
In the last stage of the experimental research the test bars were cut and 
produced from EPS foam sheets, see figure 5.14, as were other 
components such as feeder, runners, ingates and etc. 
Low density (19-20 gram/litre) of EPS foam sheets were used in this 
stage. 
In the casting trials the test-bar EPS foam patterns were produced by 
injection moulding, see figure 5.14. 
Various densities of polystyrene beads were used:-
- low density (19-20 gramllitre) 
- medium density (23-24 gram/litre) 
- high density (32 gramllitre) 
For other components such as feeders, runners, ingates and etc. EPS 
foam sheets were used and cut to produce the required parts 
The coating mixture was SMC coating + water + 2% potassium 
fluoroborate (an inhibitor). 
SMC coating's trade name is Semco Perm MPX, which is produced by 
SMC Foundry Products Ltd., UK. 
The coating mixture must be stirred for a period of time and the flow 
time must be checked before use. 
Flow time is a measure of viscosity determined using a flow cup (the 
nozzle diameter was 6 mm) and should be 10 to 12 seconds. 
After the accident from fire in the experiment 0.25% Cobalt Chloride 
anhydrous (CoCh), a blue powder packed in a plastic container, was 
mixed with the coating mixture to check the pattern coating's dryness. 
The blue colour appeared when the coating on the pattern was certainly 
dry. This prevented the reaction of water in the coating with the molten 
metal, which can lead to an explosion. 
Assembly Method 
Use hot melt adhesive to stick the cluster of patterns. 
Hot melt adhesive is Evo-Stik Thermaflow no. 6820, which is produced 
by Evode Limited, UK. 
Dip in the coating mixture. 
Dry at room temperature for at least 12 hours. 
Brush the uncoated section of assembly with the coating mixture if 
necessary. 
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Mould Production 
For the chemically bonded sand mould, which is used for molten metal's 
filtration (see figure 5.1S), the composition of the sand mixture is 
provided below:-
Percentage Actual 
Component per sand Weight Remark 
weight of mixing 
1. Silica Sand 100% 5 kgs AFS grade 60 of 
British Industrial 
Sand Ltd.(Lower 
Withington 3S1) 
2. Potassium 1-2% 50gms A white powder 
Fluoroborate produced by Laporte. 
(an inhibitor) 
3. ACE Alpha 0.42% 21 gms a colourless catalyst 
cure hardener from Borden (UK) 
(a catalyst) Ltd. 
4. TPA 36 1.5% 75 gms a brown resin from 
AIghaset resin Borden (UK) Ltd. 
Note:- Item 2, 3 and 4 irritate skin and can damage eyes, so rubber hand 
gloves are necessary. Protection against inhalation must be used when 
handling item 2. 
The sand mould was produced by the cold set process using an ester 
cured phenolic binder. Firstly each ingredient in the mixture was 
weighed as shown in the above table. Secondly a spiral shafted mixing 
machine was cleaned inside before mixing commenced. Thirdly, sand 
was mixed with an inhibitor (for oxidation protection) for about I 
minute in the mixing machine before the catalyst was poured in and the 
whole mixed for a further I minute. Lastly, a resin was poured in and 
the whole mixed for 45 seconds. The finished sand mixture will set 
about 5 minutes after all the ingredients are mixed. The mould must be 
produced quickly after the mixing is finished. 
The steps for producing a sand mould were as follows. A sand mould 
was made in a wood flask. It was laid on a flat wood plate. The fibre 
I I 1 
sleeve tubes (see figure 5.15) contammg a steel wool were placed 
carefully in the flask. Their alignment was checked visually. A little bit 
of ready mixed sand from a plastic container was filled gradually into 
the flask. Then sand was pressed or rammed around the tubes. It is 
necessary to avoid distortion or damage occurring during moulding. 
Every area of the sand in the mould should be rammed to obtain 
uniform mould hardness. The excessive sand was scraped off with a 
straight steel blade to make the flask flat on the outside surface of the 
mould. The sand in the mould was left to cold set. The surrounding area 
was cleaned. 
The details for counter gravity pouring mould production follow:-
The prepared pattern assembly was put into one end of the fibre sleeve 
tube, which was inserted in a chemically bonded sand mould, in a vessel 
for counter gravity pouring while another end of the fibre sleeve tube 
was connected to the steel cover plate of the counter gravity furnace. In 
case measuring records should be required, the relevant probes, like 
thermocouples and triggers, would be inserted into the pattern assembly 
in the various positions required, see figures 5.5 and 5.22. 
The unbonded sand from the previous experiments' use was sieved to 
remove any contaminants. Then it was weighed to check the amount of 
sand put into the vessel. A little bit of ready weighed sand from a plastic 
container was filled gradually into the vessel with a plastic scoop. The 
vessel was filled until the required amount of sand or the required 
height of sand in that vessel was reached. 
The mould was compacted by a vibration machine which actuated in the 
vertical direction, see figure 5.20. The vessel was unclamped and 
compacted on the flat table which was fixed to the vibrator. The 
vibrator would start then stop vibrating within a defined amount of 
time. The sand in the vessel would be compacted and the level of sand 
would fall when it was compacted. Then the compacted sand in the 
vessel would be stabilised at a certain level. 
This level, as an indicator, would help to provide sufficient strength of 
the compacted sand in the top part of the mould. It should be an average 
I I 2 
length of the following measured distances. The sink-down distances of 
a fixed volume of sand in the vessel should be measured and compared 
between vibrating on the vibrator directly and vibrating with a table 
fixed on the vibrator. Also the required time of vibration would be 
found to achieve this certain height. This part was introduced to assure 
safety after the accident from fire had occurred. 
A cover to safeguard the top of the mould was designed to prevent the 
molten metal escaping from the top of the mould. A sufficient weight 
was also provided on the top of the mould to resist the molten metal's 
pressure acting on the sand in the vessel. 
Materials Preparation 
Mould material 
Unbonded silica sand with sand fineness of AFS 60 supplied by 
British Industrial Sand company was used. 
The unbonded sand from the previous experiments' use would be 
sieved to remove any contaminants. 
Remark: It may be necessary to mix about 2% inhibitor (potassium 
fluoroborate) additionally into the unbonded sand. This prevents a loss 
of the inhibitor in the sand and assurance for preventing magnesium 
burning when its molten metal reacts with the sand in the mould. 
Inhalation should be avoided when they are mixed together. 
Charged materials 
The basic charge used was 80% virgin ZREl Mg alloy ingot 
produced by MEL and 20% remelt ingots from the previous 
experiments. 
To this will be added 5% zirmax and 3-4% hardener based on the 
weight of the basic charge. 
Both zirmax and hardener are products of MEL. 
MEL is abbreviated from Magnesium Elektron Ltd. 
The percentages will be calculated from the weights of the whole 
casting including the relevant system. 
The total volume of the casting will be calculated to find the 
weight of metal to be charged in the steel crucible. 
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Charged materials may be cut by : a hydraulic band saw at a slow speed 
with a soluble oil as a coolant to prevent the ignition of the magnesium; 
an abrasive cutter at a high speed with water as a coolant; or a handsaw. 
For virgin ingot the first method is preferred while for remelt ingot the 
second one is recommended. Zirmax and hardener can be cut by either 
method, depending on the size of the materials. 
Chemicals 
Flux 
Orange (Melrasal HZ) flux was used during the initial melting of 
the charged materials. 
Blue (Melrasal HE) flux was used during the melting period and 
also used to prevent magnesium's burning. 
Sulphur powder (yellow) was used to suppress any burning by 
dusting it (instead of flux) on the molten metal in case the flux cover 
broke up and allowed oxidation to take place on the surface of the melt 
during pouring. 
Hardener 
Magnesium rare earth hardener was used to add RE (Rare Earth metals) 
to the molten metal to compensate for the loss of RE during melting. 
Fire prevention 
Referring to MEL's fire precautions for its alloys, potassium chloride 
powder, dry sand or dry earth are suggested for use. The latter two are 
not used in controlling fires that occur on machine tools. Water, foam, 
C02 or Halon gas are forbidden. Proprietary extinguishers are not 
suitable for the control of magnesium fires. 
The suitable media should be applied slowly using a non-ferrous scoop· 
or a slow-discharge-rate extinguisher containing potassium chloride. 
Equipment Preparation 
Furnaces and their auxiliary equipment 
An electrical resistance furnace 
A counter gravity furnace 
A controlling system for counter gravity pouring 
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A steel circular cover plate for the counter gravity furnace (see figures 
5.16 and 5.17) which has a circular high temperature resistant fibre 
plate attached to its underside. It also has a thermocouple device 
attachment to measure the temperature inside the furnace or the molten 
metal in the crucible inside the furnace. 
A sealing material. Three methods were tried. 
The first one was the use of synthetic rubber seal at the top 
surface of the counter gravity furnace. 
The second one was the use of a boiler gasket attached to the 
counter gravity furnace with silicone glue on the lower surface (only 
the outside periphery) and a mixture of graphite powder and oil (for 
sand core making) was placed on its top surface. 
The third one was the use of liquid silicone glue moulded to form 
a solid seal on the top surface of the counter gravity furnace. 
Each method was applied after the failure of the seal between the 
steel circular cover plate and the counter gravity furnace was 
encountered. 
An inert gas container which contains argon gas 
A connecting gas tube (black colour) 
A digital meter was connected to the thermocouple device for 
measuring the temperature in the counter gravity furnace when it was 
warmed up before pouring. 
A chart recorder was connected to the thermocouple device used in 
measuring the electrical resistance furnace temperature when the molten 
metal was present before pouring. 
Tools 
A thermocouple device, which was not coated by any cements or paints, 
was used to measure the melt temperature. 
Scrapers were used to scrape off dross and oxides. 
A puddling tool was used for stirring in the grain refinement addition. 
Lifting tongs were used to lift the steel crucible up from the furnaces. 
An uncoated steel filling tube. 
A cast iron connecting tube. 
Steel screws were used to lock the filling tube together with the 
connecting tube. 
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A fibre sleeve tube, which is high temperature resistant, was inserted in 
the connecting tube. Another piece of fibre sleeve was used in the 
filtration unit where it was located with steel wool inside a chemically 
bonded sand mould. 
Mould 
Ingot moulds were steel moulds into which the remaining molten metal 
was poured. 
A chemical sample mould was a steel mould for pouring a sample to test 
chemical analysis. 
A steel fracture test bar mould was used for pouring a sample to check 
the grain size of the pouring metal. 
The mould vessel 
This was made from a welded rolled steel plate with a painted 
outside surface to protect it from rust. 
Crucible 
This was made of a welded rolled steel sheet and uncoated, the 
same as that used in the gravity pouring method. 
Chemicals 
White cement (SYFlI3100 of Morgan Thermal Ceramics Ltd.) was used 
to fill the gap between the filling tube and the connecting tube to 
prevent leakage in that area during pouring. At the steel circular cover 
plate for the counter gravity furnace the inside gap between the 
connecting tube and its circular fibre plate was also painted with white 
cement. Repainting may be repeated if the coating cracks. 
White cement is a high temperature, air setting cement for use as an 
adhesive with ceramic fibre products or as a refractory surface coating. 
It dries to form a strong, hard film which develops a ceramic bond at 
high temperature. The best adhesion is obtained on sand blasted 
surfaces. 
A sealing mixture of graphite powder and oil (for sand core making), in 
the ratio of L: L .5, was mixed in a plastic container for painting on the 
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upper surface of the counter gravity furnace before the steel cover plate 
was closed in position on top of the furnace prior to pouring. 
Melting & Pouring (including safety regulations) 
The flux melting and pouring procedures were applied under the license 
of Magnesium Elektron Ltd. The customers who purchase the material 
from the company get this support directly. The melting used flux as the 
chemical to prevent the oxidation of magnesium alloy by the 
atmosphere. 
The melting was done in the electrical resistance furnace. A 
thermocouple, which was used to measure the molten metal's 
temperature, was put into the molten metal in that crucible. The 
temperature of molten metal was read from the chart of the temperature 
recorder. The melt in the ladle was carried out from the furnace to the 
counter gravity furnace when the pouring temperature was reached. 
The melt was heated up in the counter gravity furnace again to 
compensate for the heat lost during the transfer step. Then the 
recording system should be initiated promptly. This means that the 
probes, which are thermocouples and/or triggers, were connected and 
the assured hardware & software were ready to record. The concerned 
controllable factors in pouring, especially filling pressure, at the control 
system was set and checked again. The pouring operation was started 
after the check was satisfactory. The moulds were sequentially poured. 
When the pouring was finished, the mould was lifted up by the 
hydraulic crane. The cover plate was opened, the crucible was lifted up 
to put on the refractory brick, which was laid on the shop floor. A 
handle was used to carry the crucible manually for pouring. Lastly the 
remaining molten metal was poured into a chemical sample mould 
firstly then remelt ingot mould secondly. 
The cool crucible was filled with water and allowed to soak before 
being cleaned. Used tools were also soaked in water before being 
cleaned. 
The equipment and other tools were returned to storage and the pouring 
area was cleaned. The castings were removed from the moulds after 
cooling for examination later. 
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Remark: 
Safety regulations are applied during the operations. 
Protection equipment for personal use should be worn when the 
operations are performed. 
Suitable fire extinguishers should be available to control any fire in case 
that might occur. 
The sequence of melting was examined under the check list to minimise 
the problem of accident. The safety sign's warning was indicated for 
visitors to avoid entering the foundry area during the pouring stage. 
Finishing 
The castings were removed from the mould and shot blasted. A 
specimen was collected from the proposed area of the casting for 
microscopic examination. 
5.2.2 Gravity Pouring Method· 
The relevant topics which are similar to the counter gravity pouring 
method will be discussed. 
Pattern Design & Production 
In the early stage of the casting trials the test bars were cut and 
produced from EPS foam sheets, see figure 5.14. Other components 
such as feeders, runners, ingates and etc. were similarly produced. Low 
density (19-20 gramllitre) EPS foam sheets were used in this stage. 
For other experiments the EPS foam patterns of the casting and a step 
bar were produced by injection moulding, see figure 5.14. The foam 
pattern was high density and small bead size with a bead density of 27 
gramllitre. Other details, such as the coating mixture were the same as 
for the counter gravity pouring method. 
The coating mixture used was SMC coating and water in the ratio of 1: 1 
for the early stage of the experiments. Subsequently two percentages of 
potassium fluoroborate (an inhibitor) were added to the coating 
mixture. 
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Assembly Method 
The same procedures as those used for the counter gravity pounng 
method were applied to the gravity pouring method. 
Mould Production 
For the chemically bonded sand mould the details of mixing were the 
same as in the counter gravity pouring method. The pattern was 
embedded in the chemically bonded sand mould for pouring. 
The steps for producing a sand mould were as follows. A sand mould 
was made in steel flasks which divided into an upper (cope) and a lower 
(drag) parts. Both parts were locked with steel U shaped clamps. Ready 
mixed sand from a plastic container was poured into the flasks, which 
were laid on a flat wood plate, to make a sufficient thickness of base and 
rims of the mould before placing the pattern. The pattern was placed 
carefully in the flasks. A little bit of sand was filled gradually into the 
flasks. Then sand was pressed or rammed around the pattern. It is 
necessary to avoid distortion or damage of the pattern during moulding. 
Then the flasks were turned over to ram the other side of the sand in the 
mould to obtain uniform mould hardness. The excessive sand was 
scraped off with a straight steel blade to make the flasks flat on the 
outside surface of the mould. The sand in the mould was left for cold 
setting. The surrounding area was cleaned. 
For the unbonded silica sand mould the pattern was embedded in the 
flask of the EPC process machine (see figure 5.19) for pouring. Some 
bottom bed sand was required firstly before the cluster of patterns was 
put in the flask. Then the sand was gently filled from the hopper of the 
machine to the flask. It should be carefully done to avoid the cluster of 
patterns breaking during sand filling. Also the orientation of the pattern 
during filling should be carefully considered. For mould compaction the 
flask would be compacted by the machine's vibration unit. In the case of 
applying vacuum assistance to the mould a polymeric film, like food 
packaging cling film, was used to cover the top surface of the flask after 
the mould was compacted. 
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Materials Preparation 
Mould material 
U nbonded silica sand (Lower Withington 381) with sand fineness 
of AFS 60 supplied by British Industrial Sand Ltd was used. 
The unbonded sand from the previous experiments' use was 
sieved to remove any contaminants. 
Charged materials and Chemicals (Flux & Hardener) 
For flux melting the details can be seen from the counter gravity 
pouring method. For fluxless melting a cover gas of 98% C02 and 2% 
SF6 was used to prevent oxidation of the magnesium alloy during 
melting and pouring. 
Fire prevention 
This was the same as for the counter gravity pouring method. 
Equipment Preparation 
Furnaces and their auxiliary equipment & Tools 
Both parts were similar to those used in the counter gravity pouring 
method. The counter gravity pouring furnace and some related concerns 
were not relevant for the gravity pouring method. 
Mould 
The chemically bonded sand mould and the unbonded silica sand mould, 
were similar to those used in the counter gravity pouring method. 
The mould vessel 
The flask which is attached to the EPC process machine was used. 
Crucible 
This was made of a welded rolled steel sheet and uncoated. 
Melting & Pouring (including safety regulations) 
The flux less melting and pouring procedures were those advised by the 
Rolls & Royce Light Metal Foundry section. The melting used the gases 
to prevent the oxidation of magnesium alloy by the atmosphere. Also 
the flux melting and pouring procedures were applied. 
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Both the melting and the factors concerning the recording system were 
comparable to those for the counter gravity pouring method. The 
pouring operation was started after the check was satisfactory. The melt 
in the ladle was carried from the furnace to the flask of the EPC 
machine when the pouring temperature was reached. The melt was 
poured gently into the sprue of the mould manually from the crucible. 
(The round pouring cup can be seen in figure 5.15.) The remaining 
molten metal was poured into a sample mould and a remelt ingot mould 
sequentially. The remaining steps were followed in the same manner as 
in the counter gravity pouring method. 
Remark: Safety regulations and protection equipment for personal use 
were exercised as in the counter gravity pouring method. 
Finishing 
The same procedures as counter gravity pouring method were used. 
5.2.3 Tensile Testing 
Mechanical properties, especially tensile strength, modulus of elasticity 
and percentage of elongation, were used as fundamental values to 
compare the ability of casting processes in this experimental research. 
Uniaxial tensile strength test at room temperature was introduced to 
find out the results. The tests were conducted according to the following 
procedure. 
The procedure in performing tensile test 
1. The diameter of a specimen was measured by the micrometer and 
recorded for use in a subsequent calculation. 
A micrometre by Moore and Wright (Sheffield, England) for the range 
of 0-25 mm with 0.01 mm in precision was used. 
2. The original length of the specimen was set for checking the 
elongation after the specimen had been broken in the test. 
An Elongation Guage by Tensometer Ltd. (Croydon) was used. 
3. The specimen was marked with cross sectional and longitudinal 
center lines by a marking pen. Then it was fixed to the grip. 
4. The specimen was mounted in the machine. 
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5. The Loading bar (the suitable length of extension for the specimen) 
was set. Also the control panel and the chart recorder of the machine 
were set. 
6. The correct upper and lower collected grips for the specimen (here is 
Hounsfield number 16, see figure 5.1) are attached to the machine. 
Hounsfield No. 16 
(Round Tensile Test Piece for Ordinary Use) 
11---~~----E----~--1 A 
RI '-9 IR 
Unit: 1 inch = 25.4 mm 
Dimension:-
Diameter X 
DiameterY 
Lg (gauge length) 
Le 
z 
R (radius) 
A (area) 
4 ~i 
Fig. 5.1 
inch 
0.3564-0.3578 
0.535-0.575 
1.264 
1.387 
0.29-0.44 
1116 (0.0625) 
1/10 sqr. in 
mm. 
9.05256-9.08812 
13.589-14.605 
32.1056 
35.2298 
7.366-11.176 
1.5875 
64.516 sqr. mm 
7. The hydraulic equipment was set to run in the right direction. Also 
the zero starting point was set up. 
(The negative direction from zero setting point is a compression 
direction while the positive direction from zero setting point is a tensile 
direction. The test is preferably in the tensile direction.) 
8. The extensometer was fixed on the gauge length of the specimen 
according to the tensile test instruction. The extensometer gauge length 
was 20 mm. 
9. The setting of the machine and the chart recorder are checked for 
confirmation. The settings should be easily interpreted in subsequent 
calculations. 
10. The tensile test was started. 
10.1 The test was started from zero until yield strength then stopped and 
unloaded to 0.2% strain or 0.2% offset. 
10.2 The extenso meter was taken out due to the problem of the present 
extensometer's condition. 
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10.3 The test was repeated from 0.2% strain to (ultimate) tensile 
strength which is the breaking point. 
11. The test was checked for acceptable performance as mentioned in 
the tensile test instruction. 
12. The instrument for checking elongation was applied. Elongation was 
recorded on the correct number of the specimen. 
13. The load vs. extension chart from the test marked with the correct 
number of the specimen was kept for calculating yield and tensile 
strength of the specimen including modulus of elasticity. 
14. The test was repeated for each specimen. 
Tensile Test Instruction 
1. The tensile test will be performed on the Mayes 50 kN Universal 
Testing Machine. 
2. The size of specimen is based on Hounsfield number 16 (Round 
Tensile Test Piece for ordinary use), see figure 5.1. 
The specimen is machined from the portion of a cylindrical or 
rectangular as-cast test bar of gravity sand casting or expendable casting 
process, respectively. 
3. The speed of testing used is as follows:-
As the gauge length of Hounsfield number 16 is about 32 mm, 
the speed rate in extension of the cross head from starting to yield 
strength should be within 0.030 and 0.15 mm/min (based on the strain 
rate within 0.001 to 0.005 per min of BS4A4). 
The tests used 0.15 mm/min for this stage. 
The speed rate in extension of the cross head after yield strength until 
(ultimate) tensile strength (Breaking point) should be about 15 mm/min 
(based on the strain rate within 0.5 per min of BS4A4). 
[This conversion is based on Free-Running Crosshead Speed (7.2.2) 
method of ASTM 557M-84.] 
For checking the test between 0.1 to 0.2 percent of proof stress (% 
strain) the elongation is from 0.032 to 0.064 mm while amount of load 
is from 5.15 to 5.5 kN (based on BS4A4). This is used on a calibration 
of the machine in setting up this material's tensile test. 
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4. The test should be conducted with the temperature of the test piece 
° between 10 and 30 C (based on BS4A4). 
5. The minimum grade of extensometer should be grade C of BS 3846. 
BS EN 100 024: 1994 supersedes BS 3846: 1970 which is now 
withdrawn. 
6. Four-point method (17.12) of proving tests for proof stress (17) 
should be applied (referring to BS4A4). 
Tensile Testing Instruction's Supplement 
The size of specimen is based on Hounsfield number 16 (Round Tensile 
Test Piece for Ordinary Use) 
According to MEL ZREl Material specification the stress can be found 
in the chart of effect of temperature on the stress/strain curve when the 
strain is determined. At the temperature of 20°C the proof stress at the 
0.1 % and 0.2% strain are defined to be 80 and 85 N/mm2, respectively. 
The percent of strain equals to extension divided by gauge length. 
% Strain = Extension/Gauge length 
:. Extension = % Strain x Gauge length 
Stress equals to amount of load divided by original cross-sectional area 
of a specimen. 
:. Load = Stress x Original cross-sectional area of a specimen 
Gauge length on Hounsfield number 16 is 32.10 mm. 
For 0.2% proof stress 
:. Extension = 0.2% x 32.10 mm = 6.42 x 10-2 = 0.0642 mm 
while stress is 85 N/mm2 
:. Load = 85 N/mm2 x 64.5 mm = 5482.5 N '" 5.5 kN 
For 0.1 % proof stress 
:. Extension = 0.1 % x 32.10 mm = 3.21x 10-2 = 0.0321 mm 
while stress is 80 N/mm2 
:. Load = 80 N/mm2 x 64.5 mm = 5160 N '" 5.15 kN 
Conclusion:-
Between 0.1 to 0.2 percent of proof stress (% strain) the elongation is 
from 3.2 to 6.4 x 10-2 mm while amount of load is from 5.15 to 5.5 
kN. 
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From BS4A4-Speed of Testing (14) 
14.1 During the determination of proof stress no limitation is imposed 
on the rate of straining in the elastic range. In the plastic range it is 
recommended that the rate of strain shall be within 0.001 to 0.005 per 
minute. After the determination of the required proof stress or stresses 
the rate of strain may be increased but shall not exceed 0.5 per minute. 
Where strict adherence to these limits is necessary it shall be so 
stated in the material specification. 
The difficulty of setting the testing machine to use the strain rate control 
method prevented performance to BS4A4. So the detail of speed of 
testing proposed in ASTM B557 M-84 (Standard Methods of Tension 
Test Wrought Cast Aluminum and Magnesium Alloy Products [Metric]) 
was studied. It gives a flexible setting of a testing machine in this issue. 
Free running crosshead speed (rate of movement of the crosshead of the 
testing machine when not under load) [7.2.2] which is the least 
acceptable technique which is suitably introduced to perform here. The 
details are :-
7.2.2 Free-Running Crosshead Speed 
- The allowable limits for the rate of movement of the crosshead of the 
testing machine, when not under load, shall be specified in millimetres 
per millimetres (mm/mm) of length of reduced section (or distance 
between grips for' specimens not having reduced sections) per minute. 
The limits for the crosshead speed may be further qualified by 
specifying different limits for various types and sizes of specimens. The 
average crosshead speed can be experimentally determined by using a 
suitable measuring device and a timing device. 
Here yield strength is determined by the offset method at an offset of 
0.2% strain or 0.2% proof stress. 
The speed rate in extension of the cross head equals to gauge length 
multiplied by strain rate. (Gauge length = 32 mm) 
So the speed rate in extension of the cross head from starting to yield 
strength should be within 0.030 and 0.15 mm/min (based on the strain 
rate within 0.001 to 0.005 per min) 
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and the speed rate in extension of the cross head after yield strength 
until (ultimate) tensile strength (Breaking point) should be about 15 
mm/min (based on the strain rate within 0.5 per min) 
From ASTM B557M-84 
7.2.7 Unless otherwise specified, any convenient speed of testing may be 
used up to one half the specified yield strength, or up to one quarter the 
specified tensile strength, which ever is smaller. The speed above this 
point shall be within the limit specified. If different speed limitations 
are required for use in determining yield strength, tensile strength, and 
elongation, they should be stated in the product specifications. In the 
absence of any more specified limitations on speed of testing the 
following general rule shall apply:-
7.2.7.1 The speed of testing shall be such that the loads and strains used 
in obtaining the test results are accurately indicated. 
7.2.7.2 During the conduct of a test to determine yield strength the rate 
of stress application shall not exceed 12 MPa/sec. The speed may be 
increased after removal of the extensometer, but it shall not exceed 0.01 
mm/mm of gauge length (or distance between grips for specimens not 
having reduced sections) per second. 
In determining yield strength the rate of stress application shall not 
exceed 12 MPa/sec = 720 N/mm2/min. Cross sectional area of the test 
specimen = 64 mm2. So the load, which should apply, should not exceed 
720 N/mm2/min x 64 mm2 = 46080 N '" 45 IcN/min. 
The speed may be increased after removal of the extensometer, but shall 
not exceed 0.01 mm/mm of gauge length per second. So the speed 
should not exceed 0.01 mm/mm x 32 mm = 0.32 mm/sec = 19.2 
mm/min. 
From BS4A4 J 5. Temperature of test 
15.1 The test shall be carried out with the temperature of the test piece 
between 10 and 30°C unless otherwise agreed. 
If it is possible, the minimum grade of extenso meter recommended in 
BS4A4 for 0.2% proof stress should be grade C in accordance with BS 
3846. 
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Remark: Tensile testing of Metallic Material 
Part 4 Verification of extensometers used in uniaxial testing 
The European Standard EN 10002 4: 1994 has the status of a British 
Standard. It supersedes BS 3846: 1970 which is withdrawn. 
Four-point method (17.12) of proving tests for proof stress (17) should 
be applied in setting the machine for this test referring to BS4A4. 
5.2.4 Metallography 
Microstructures from experimental castings were used to identify the 
causes of differences in the results of tensile tests. The appearance of 
their metallurgical images through both optical and scanning electron 
microscopy should give an understanding of either the quality of 
castings or their defect problems. 
Scanning electron microscopy was used to examine the test pieces in the 
last stage of the experimental research. It provides a high magnification 
of the microstructure's image and fracture. A Scanning Electron 
Microscope STEREOS CAN 360 by Cambridge Instruments was used in 
this microscopic examination. Also an electro dispersive spectroscopy 
link system, connected to the electron microscope, was used to give the 
details of chemical composition in the observed area of the sample. 
The procedure for mounting and polishing the samples was as follows:-
The method of mounting in a Metaserv mounting press 
1. Clean the mounting die with a brush. 
2. Put the face of the specimen which is required for examination 
downwards on the lower part of the die. A pair of tweezers may be 
needed to hold the correct face of a specimen in the die. 
3. Add the required amount of transoptic powders with a spoon into the 
die. Then close the upper die and clamp it. A small hammer may be 
required to help knock in the upper die before clamping with the press. 
4. Switch on the main power switch of the press. 
5. Set a pressure of about 200 bar or a thickness of a specimen about 30 
mm by moving a handle up and down to increase the pressing force in 
127 
the die. The pressure or thickness indicator can be seen on the dial of 
the press. 
6. Switch on a heater to melt the powders to bond together in the die. 
Wait for the press to heat automatically in about 15 to 20 minutes. 
7. Switch off the heater and open a water tap to let water cool the die 
for about 5 minutes. Then switch off the main power switch of the 
press. 
8. Move the handle again to increase the pressure on the specimen in the 
die. 
9. Get the die out by turning up and moving the handle to pressure a 
piston to release the mounted specimen. 
10. Then clean the mounting die with a brush again. 
11. Keep the mounted specimen for polishing and etching later. 
This method of polishing was used in the casting trial experience. 
Polishing magnesium alloy ZREl of MEL 
1. Cut a specimen from the proposed part of the casting using a band 
saw and/or a hand saw. 
2. Mount the specimen with the Metaserv mounting press (Buehler 
Transoptic powder was used for mounting). 
3. Polish manually using the Roll grinder Handimet II with Carbimet 
abrasive paper (No. 30-5143) on grit size 240, 320, 400 and 600 
respectively. Water is used as a lubricant fluid during this polishing. 
After each grit paper the specimen is turned 90° (right angle) before 
polishing on the new grit paper. Sequentially methanol is used as a 
cleaning agent. Then the polishing surface is dried with hot air from a 
drier. 
4. Polish manually by using Metadi II diamond compound, as 
recommended for metallography by Buehler, which was brushed on a 
polishing cloth, with 6 (yellow) then I (blue) micron respectively. The 
polishing cloth was stuck on a polishing disc of a Metaserv universal 
polisher. The polishing was done at a speed of 300 revolutions per 
minute (rpm). 
Buehler's polishing cloth Texmet is used for polishing at 6 micron and 
above. While Buehler Microcloth is used for polishing at 1 micron and 
below. The present diameter of the polishing disc is 200 mm (8 inches). 
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Buehler's Metadi Fluid (extender for diamond pastes) is used as a 
lubricant fluid during this polishing. Methanol is also used as a cleaning 
agent. Then the polished surface is dried with hot air from a drier. 
5. Polish manually with Buehler Gamma Micropolish Alumina number 
3 (0.05 micron) which is diluted and suspended in distilled water. Also 
methanol is used as a cleaning agent. Then the polished surface is dried 
with hot air from a drier. 
6. Examine under a metallographic microscope by sticking the specimen 
on a thin glass plate with plasticine. 
According to the difficulties of polishing this material the method was 
changed to give a better image and to avoid the problem of chemical 
attack. This method was applied to the last stage of the experimental 
research. 
Polishing magnesium alloy ZREl ofMEL [81] 
l. Polishing manually and carefully with silicon carbide papers with 
paraffin (as lubricant) on grit size 240, 320, 400 and 600, respectively. 
• According to the soft characteristic of magnesium mechanical twins 
and deformed layers should be avoided. 
• Abrasives and polished media tend to become embedded. Therefore 
use papers well-covered with paraffin making sure the deformed layer 
is removed. 
• Some very hard intermetallics can be present. Therefore keep 
polishing time short to avoid relief. 
2. Polish with fine alpha-alumina slurry or 4-6 micron diamond paste. 
3. Follow by polishing on a fine cloth using light magnesia paste of 1 
gram MgO, 20 ml ammonium tartrate solution (10%) in 120 ml of 
distilled water. For reactive alloys, white spirit replaces distilled water. 
Remark:- White spirit is used as a cleaning agent. Polishing surface is 
dried with cool air from a drier. 
In the final polishing the quality of image was not qualified. So a 
quarter micron of diamond paste was used instead of the item 3 while 
methanol was used as a cleaning agent. 
The previous method did not give a satisfactory solution. A new method 
was introduced which gave a better result in the un etched condition for 
identifying the defects in the microstructure. 
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The final method in polishing magnesium alloy ZRE I of MEL 
l. Mount the cut specimen with Struers' Epofix Kit (cold mounting 
epoxy resin for embedding and impregnation of materialographic 
specimens) in a rubber mounting cup by mixing the resin and the 
hardener according to the instructions, pouring the mixture into the cup 
with the specimen inside then leaving overnight at room temperature 
for setting and taking out afterwards. 
The reason for using the cold mounting technique was that the hot 
mounting technique using the mounting press might damage or deform 
the structure due to the heat and pressure during mounting. 
2. Polish manually and carefully with emery papers on grit size 240, 
320, 400 and 600, respectively while paraffin is used as a lubricant 
fluid. After each grit paper the specimen is turned 90° (right angle) 
before polishing on the new grit paper. 
Candle wax was applied on the emery papers' surfaces before use. This 
can help to prevent the abrasives from the papers from loosening out 
and embedding into the polishing material. 
3. Polish manually by using Buehler's Metadi II diamond polishing 
compound 6 micron, which is yellow, brush on Buehler's polishing 
cloth Texmet 1000, which was stuck on a polishing disc of a Metaserv 
universal polisher. 
4. Polish manually by using Buehler's Metadi II diamond polishing 
compound I (blue) and 114 (grey) micron respectively brush on each 
Buehler's polishing cloth Microcloth, which was stuck on separate 
polishing discs of a Metaserv universal polisher. 
Both items no. 3 and 4 used Buehler's Metadi Fluid (extender for 
diamond pastes) as a lubricant fluid during the polishing. Methanol is 
used as a cleaning agent. Then the polishing surface is dried with hot air 
from a drier. The polishing was done at a speed of 300 revolutions per 
minute (rpm). The present diameter of the polishing disc is 200 mm (8 
inches). 
5. Examine under a metallographic microscope by sticking the specimen 
on a thin plastic plate with plasticine. 
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Etching 
Etchants from ASM Metals Handbook 9th edition Vol. 9 Metallography 
and Microstructures were selected for use. The details of the etch ants 
for this composition of magnesium alloy are as follows:-
Etchant no. 1 (Nital) comprises of 1 to 5 mL HN03 (conc.), and 100 
mL methanol (95%). Its purpose is to show general structure. The 
etching procedure involves:- swabbing or immersing the specimen for a 
few seconds to 1 minute. Then wash in alcohol and dry. 
Etchant no. 2 (Glycol) comprises of 1 mL HN03 (conc.), 24 mL water, 
and 75 mL ethylene glycol. Its purpose is to show general structure and 
reveal constituents in magnesium/rare earth and magnesium-thorium 
alloys. The etching procedure involves:- immersing the specimen face 
up and swabbing with cotton for 3 to 5 seconds for as-cast metal. Then 
wash in alcohol and dry. 
Etchant no. 3 (Acetic glycol) comprises of 20 mL acetic acid, 1 mL 
HN03 (conc.), 60 mL ethylene glycol, and 20 mL water. Its purpose is 
to show general structure and grain boundaries in heat treated castings. 
and show grain boundaries in magnesium/rare earth and magnesium-
thorium alloy. The etching procedure involves:- immersing specimen 
face up with gentle agitation for 1 to 3 seconds for as-cast metal. Then 
wash in alcohol and dry. 
Etchant no. 10 comprises of 2mL HF (48%), 2mL HN03 (conc.), and 
96 mL H20. Its purpose is to show grain structure and coring in 
magnesium-zinc-zirconium alloys. The etching procedure involves:-
immersing specimen face up with gentle agitation without swabbing. 
Rubber hand gloves and protecting eyeglasses are necessary. The 
correct sequence of mixing the etchant was exercised to prevent an 
accident from chemical mixing. 
The effectiveness of each etchant was tested and its result checked, see 
figures 5.25 to 5.32. The etchant no. 1 (Nital) was chosen for the 
samples selected for grain size measurement. The etchant no. 10 was 
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chosen for selected samples to show the defects in the microstructure 
under the etched condition. 
For grain size measurement, the well polished specimens were etched 
with Etchant no. 1 (Nital). The etched specimens were used to measure 
the grain size using the technique of quantitative metallography. They 
were observed using optical microscopy under the magnification of 
lOOx. Then the number of grains intersected by the test line of length Lt 
(here 150 mm) were counted from the projected image onto a television 
screen through a video camera at an image magnification of 480x. The 
positions of the observed area in the etched specimen were divided into 
three zones. The outer zone, which is the peripheral circumference, had 
eight positions according to the map direction (North, East, West, 
South, and so on). The middle zone, which is the central circumferential 
area, had eight positions same as the outer zone. Then the inner zone, 
which is near the centre part of the observed area, had only four 
positions according to the map direction. So there was a total of twenty 
positions of the observed area, see figure 5.2. The average from the 
double countings in each position was applied. Then the calculations of 
grain size were performed according to the formulae. 
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Fig 5.2 Diagram for the twenty observed positions 
in each specimen sample for grain size measurement 
Left: outer zone; Middle: middle zone; Right: inner zone 
The measurement of grain size was provided to inform the estimation of 
the grain size. The material (Mg alloy ZREl) showed a grain shape that 
is irregular like a round polygon. The shape of grains varied as did the 
size distribution in the microstructure. So the measured grain size 
cannot represent the true value of the grain size of the specimen. 
132 
The measurement of grain size in quantitative metalIography was done 
and calculated on the following description, see figure 5.3. [82] 
In a single-phase material, the mean linear grain size (previously known 
as Heyn's grain size) is defined by 
I=J. I,l=!:r.=!:r. 
N N P 
where 
I,l is the sum of all intercepts corresponding to the total length 
of the test line, L, . 
N is the number of grains intersected by the test line of length L, , 
and 
P is the number of grain boundaries intersected by the test line of 
lengthL, . 
The standard deviation for I is given by the usual statistical equation 
t:.I= I,42 -(I,4)'jn 
n(n -I) 
where Li are the individual values of the mean linear intercepts obtained 
in n independent measurements on the same material (or sample). 
The term I± 2t:.I specifies the interval for a 5% probability of error or 
95% significance level. 
Fig. 5.3 Diagram showing measurement of the mean linear grain size 
Remark: 
N = no. of grains.; P = no. of grain boundaries.; Lt = total length of the test length. 
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5.3 Casting Trial Experience 
5.3.1 Gravity Pouring method 
5.3.1.1 Stage 1 (lst&2nd experiment; November 19&26, 1993) 
Objectives of the Experiment 
1. Verify correct procedures for fluxless melting of magnesium alloy 
ZREl. 
2. Study feeding design to produce a sound casting by the sand casting 
process. 
3. Study the metallographic methods of polishing and etching for this 
alloy. 
Experimental Practice 
The experiments involved fluxless melting and the sand casting process. 
The steps of the experiments could be described as follows. The feeding 
design was calculated based on the principles of steel casting in an empty 
sand mould process under gravity pouring. Also the weight of a casting 
and feeding system could be found out. The sprue design was based on 
Bernoulli's theorem. The pattern was subsequently produced using the 
design data determined from the gating and feeding calculations. The 
information of sand mould production is the same as appeared in the 
explanation in the gravity pouring method section on equipment and 
materials. White cement was applied to coat the steel crucible and a 
cover lid including concerned tools after they were cleaned by shot 
blasting. The first melt was supplied with the protection gas to protect 
the melt from oxidation. The second melt had protection gas introduced 
through a hollow steel rod into the crucible during melting using the 
channel provided for pouring and the thermocouple location. 
The first and second experiments were unsuccessful because of the 
incorrect practice of coating the equipment. 
In the first experiment the remaining molten metal spilled out because 
the lid was not locked on the crucible. 
In the second experiment the steel pin had been fixed at the back of the 
crucible opposite the pouring channel which located in a drilled hole in 
the cover. Another problem was that the protecting gas mixture in the 
cylinder ran out during the pouring. The pouring did not go well 
134 
because most of the molten metal was on the top of the mould and did 
not flow to degrade the foam pattern. 
5.3.1.2 Stage 2 (3rd experiment; January 14, 1994) 
Objectives of the Experiment 
1. Verify correct procedures for flux melting of magnesium alloy 
ZREl. 
2. Study feeding design to produce a sound casting by the sand casting 
process. 
3. Study the coating for foam pattern in use with magnesium alloy. 
Experimental Practice 
The gating design used a reverse technique for calculation. This meant 
that the ingate area was determined from the cross sectional area of the 
casting. Then the runner and sprue choke area were calculated later. 
The gating ratio using an unpressurised system was 1 :3:4. The sprue 
design was still based on Bernoulli's theorem. The modulus and volume 
of the feeder were calculated to compare with the modulus and volume 
of the casting. They should assure directional solidification and a 
sufficient volume for feeding. The feeding distance was designed based 
on the principles of steel casting in an empty sand mould process under 
gravity pouring. The total volume of the casting and feeding system 
were calculated to find out the weight of metal to be charged in the 
crucible. 
In pattern production three types of pattern were produced according to 
the designed drawing. 
The first one was an uncoated foam pattern. 
The second one was coated by a pink coating of SMC company which 
uses a water base solvent. 
The third one was coated by the mixture which combined a suspension 
agent of the pink coating of SMC company with potassium fluoroborate 
as an inhibitor. 
The pouring basin was designed to reduce the turbulence of the liquid 
metal's stream in pouring. The extension of the pouring basin was 
intended to collect the dross or inclusions in the molten metal. The 
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sprue was designed to be tapered and rectangular. The runner was 
designed to be a rectangular shape with the longest edge at the bottom. 
MgO, produced by oxidation of the Mg, has a higher density than 
molten Mg metal. It is expected that MgO will sink in molten Mg metal. 
(Remark:- density of molten Mg and MgO are 1.57 and 3.58 g/cm3) 
The sand mould was produced in the manner described in the 
explanation for the gravity pouring method section of. equipment and 
materials. Two types of flasks were used. The inside size of the two 
flask types are :- rectangular (width 18.5 x length 23.5 x depth 10) and 
square (width 21.5 x length 21.5 x depth 12.5). Units are in centimetres. 
The flux melting and the protective gas pouring procedures were done. 
Then the casting was finished. The specimens cut from the centre part 
of each casting were mounted and polished to analyse the microstructure 
by metallography. 
5.3.1.3 Stage 3 (4th experiment; January 21, 1994) 
Objectives of the Experiment 
To study the defects such as shrinkage, porosity and inclusions which 
may occur in a casting as a result of different filling methods, such as 
top and bottom filling in gravity pouring, in the conventional EPC 
process with/without vacuum assistance. 
Experimental Practice 
Gating design used the same principles as the third experiment while the 
gating ratio was 1:3:3. The standard round sprue cup was used. 
In pattern production the EPS foam pattern of a casting, which 
has high density and a small bead size (density 27 gm/litre), was 
produced by injection moulding. There were two pattern gating 
arrangements; one for top gating and one for bottom gating. Two 
patterns were used for each method of pouring. They were coated with 
the pink coating of SMC company mixed with 2% potassium 
fluoroborate inhibitor. 
The patterns were put in an unbonded silica sand mould. Then the 
sand in the mould, sand fineness of AFS 60, was compacted. When the 
vacuum assistance was applied, it was 2.5 incheslHg (84.66 millibars). 
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They were four types of test as follows:-
1. Top filling with vacuum assistance. 
2. Top filling without vacuum assistance. 
3. Bottom filling with vacuum assistance. 
4. Bottom filling without vacuum assistance. 
The flux melting and the protective gas pouring procedures were also 
done. The methods of finishing and metallography were similar to the 
previous experiment. 
5.3.1.4 Stage 4 (5th experiment; January 31, 1994) 
Objectives of the Experiment 
1. To study the defects such as shrinkage, porosity and inclusions which 
might occur in a casting as a result of the different filling methods, 
namely top and bottom filling by gravity pouring through conventional 
EPe process with/without vacuum assistance and by increasing the level 
of vacuum assistance. 
2. To study the effect of pattern orientation on filling and any effect on 
the microstructure of the casting. 
Experimental Practice 
All procedures were similar to the fourth experiment. When the 
vacuum assistance was applied, it was 4 incheslHg (135.456 millibars) in 
this experiment. 
The four types of test were as follows:-(see the figure 5.4) 
1. Top filling with vacuum assistance in one direction. 
2. Top filling with vacuum assistance in another direction at 90° to the 
first. 
3. Bottom filling with vacuum assistance in one direction. 
4. Bottom filling with vacuum assistance in another direction at 90° to 
the third. 
The same practices as the previous experiment were applied in melting, 
pouring, finishing and metallography. 
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(2) 
(1 ) 
(3) (4) 
Fig. 5.4 Four types of test in the fifth experiment (gating ratio 1:3:3) 
5.3.1.5 Stage 5 (6th experiment; February 10, 1994) 
Objectives of the Experiment 
To study the microstructure of ZREl Mg alloy in a casting with various 
thicknesses using different filling methods, namely top and bottom 
filling, by gravity pouring by conventional EPC process with/without 
vacuum assistance. 
Experimental Practice 
Similar methods in gating design as in the previous experiments (fourth 
& fifth experiments) were applied. Only a commercial standard sprue 
cup, with a blue coating for Mg alloy, was used instead. 
The EPS foam pattern of a casting, which has high density and a small 
bead size, was produced by injection moulding. The pattern (see figure 
5.14) has seven steps of different thickness which are 3, 6, 9, 12, 15, 18, 
and 22 mm respectively. Its width is 22 mm. There were two pattern 
gating arrangements; one for top gating and one for bottom gating. Two 
sets of patterns were used for each method during pouring. They were 
coated with the pink SMC coating mixed with 2% potassium 
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fluoroborate inhibitor. A hot melt adhesive was applied to join the 
component parts of the pattern. 
The same procedures in melting and pouring were applied. When the 
vacuum assistance was applied, it was I inch/Hg (33.864 millibars) in 
this experiment. The four types of test were as follows:-
I. Top filling with vacuum assistance. 
2. Top filling without vacuum assistance. 
3. Bottom filling with vacuum assistance. 
4. Bottom filling without vacuum assistance. 
The castings were taken out from the mould and shot blasted for 
finishing. One of each type of casting was selected. The samples were 
taken from the centre part of the 12 and 22 mm thick casting steps. 
These samples were analysed by microscopic examination. 
5.3.2 Counter Gravity Pouring Method 
5.3.2.1 Stage 1 (7th experiment; February 24, 1994) 
Objectives of the Experiment 
To study the microstructure of ZREI Mg alloy in castings produced 
using different pattern orientations, namely vertical and horizontal, by 
counter gravity pouring using the . conventional EPC process without 
vacuum assistance. 
Experimental Practice 
The gating design also used a reverse technique for calculation. This 
meant that the ingate area was determined first followed by the runner, 
and sprue choke area according to the gating ratio for an unpressurised 
system. The ratio used (sprue choke area: runner: ingate) was 1:3:3. 
This calculation was on the same basis as the previous gravity pouring 
experiments. A commercial fibre sleeve, with a blue coating for Mg 
alloy, was used at the connection with the furnace while the fibre sleeve 
at the connection with the mould was dipped with pink SMC coating 
mixed with 2% potassium fluoroborate inhibitor. The former was 
placed inside a cast iron filling tube while the latter was joined to the 
pattern in the mould. 
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In pattern production the EPS foam pattern of a casting was based on 
the same things as the previous gravity experiment. The patterns, which 
had high density and a small bead size, were produced by injection 
moulding. Both patterns were coated with the pink SMC coating mixed 
with 2% potassium fluoroborate inhibitor. A hot melt adhesive was 
applied to join the component parts of the pattern. The bottom gating 
method was used for counter gravity pouring without the filtration 
system. 
The calculation of charge materials was as follows. The total volume of 
the casting was calculated to find the weight of metal to be charged in 
the crucible. Firstly the volume of the castings and other relevant 
systems, runner and ingate system, was calculated. Secondly the volume 
of the molten metal in a feeding filling tube was calculated. Thirdly the 
volume of the remaining molten metal that would be left in the crucible 
after the filling was finished was calculated. Then the total volumes 
concerned were summed and multiplied with the material's solid 
density. 
An uncoated cast iron filling tube with the blue fibre sleeve placed 
inside was used for pouring in this experiment. In pouring the vacuum 
assistance was not applied. The filling pressure used was about 172.369 
millibars (2.5 poundforce/square inch [lbf/in2]). The method of flux 
melting in an electrical resistance furnace was used. Argon gas was 
applied for protection and to pressurise the molten metal for counter 
gravity pouring. 
Then the castings were taken out from the mould and shot blasted for 
finishing. Specimens were taken from the centre part of each casting 
and then mounted and polished to analyse the microstructure by 
metallography. 
5.3.2.2 Stage 2 (8th experiment; March 14, 1994) 
Objectives of the Experiment 
To study the microstructure of ZREl Mg alloy in castings produced 
using different pattern orientations, namely vertical and horizontal, by 
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counter gravity pouring using the conventional EPe process with 
vacuum assistance only (differential pressure). 
Experimental Practice 
The molten metal was counter gravity poured and displaced with 
vacuum assistance. The vacuum level was 270.912 millibars (8 inlHg). 
Positive pressure displacement filling was not used in this experiment. 
Argon gas was also applied for protection of the molten metal during 
counter gravity pouring. 
A thermocouple was put into each pattern for checking its solidification 
time. The selected point was considered to be the last area to solidify in 
the casting. Many triggers were put into each pattern to check the filling 
time at each selected point of each casting (see figures 5.5 and 5.23). 
The filling times of the castings were about 4 seconds from the result of 
the trigger's figures. 
Patterns' Orientation 
Horizontal Vertical 
;:E3;~ trigger 
& ground 
+ Trigger No. X Thermocouple No. 
Fig. S.S showing the positions of triggers and thermocouples 
In the experiment an uncoated cast iron filling tube inserted with a 
coated blue fibre sleeve was used. 
Other procedures were similar to those of the seventh experiment. 
5.3.2.3 Stage 3 (9th experiment; March 25, 1994) 
Objectives of the Experiment 
To study the microstructure of ZREI Mg alloy in castings produced 
using different pattern orientations, namely vertical and horizontal, by 
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counter gravity pouring using the conventional EPe process with filling 
pressure and vacuum assistance. 
Experimental Practice 
The same principles of gating design and pattern production as previous 
experiments were applied. In this experiment an uncoated steel tube 
containing a fibre sleeve was used instead of the cast iron filling tube. 
The reason was the problem in cleaning (removing) of the solidified 
magnesium alloy from inside the filling tube used during the previous 
experiments in counter gravity pouring. 
Similar procedures of mould production and melting were applied. The 
molten metal was counter gravity poured and displaced with filling 
pressure and vacuum assistance. Positive pressure displacement filling 
of about 172.369 millibars (2.5 Ibf/in2) was used in this experiment. 
Argon gas was applied for protection of the molten metal during 
counter gravity pouring. The vacuum level was 1Ol.592 millibars (3 
in/Hg). 
In the eighth experiment thermocouples and triggers were set similar to 
the previous experiment. The filling times of the castings were about 25 
and 40 seconds from the result of the trigger's figures. 
Finishing and metallography were performed in the same way as the 
seventh and eighth experiment. 
5.3.2.4 Stage 4 (10th experiment; April 26, 1994) 
Objectives of the Experiment 
To study the microstructure of ZREI Mg alloy in castings produced 
using different pattern orientations, namely vertical and horizontal, by 
counter gravity pouring using the conventional EPe process with the 
same filling pressure and vacuum assistance as the ninth experiment. 
The EPS patterns were made from low density beads instead of the high 
density ones. 
Experimental Practice 
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In this experiment the EPS foam pattern for the casting had a lower 
density and a bigger bead size and was cut from a foam sheet. Other 
procedures were similar to the ninth experiment. 
5.3.2.5 Stage 5 (l1th experiment; May 11, 17, June 17, 1994) 
Objectives of the Experiment 
To study the microstructure of ZREl Mg alloy in castings produced 
using different pattern orientations, namely vertical and horizontal, by 
counter gravity pouring using the conventional EPC process with only 
filling pressure. The gating ratio was 1 :4:4. High density and low 
density EPS patterns were used to observe their different effects. 
Experimental Practice 
The same principles of gating design were maintained. The gating ratio 
used (sprue choke area: runner: ingate) was changed from 1:3:3 to be 
1:4:4. This was expected to decrease the filling speed of the molten 
metal when it entered the mould thus reducing turbulence. The bottom 
gating method was used for counter gravity pouring without the 
filtration system. An uncoated steel filling tube without an internal fibre 
sleeve was used, similar to the ninth experiment. 
Two types of EPS foam casting patterns were used. The high density 
one, which has a smaller bead size, was produced by injection moulding. 
Its bead density was about 32 gms/litre. The low density one, which had 
a bigger bead size, was produced by both cutting a foam sheet and 
injection moulding. The bead density of the cut foam sheet was about 19 
gms/litre whereas that for the injection moulding was about 23-24 
gms/litre. All patterns were coated with the coating mixture and a hot 
melt adhesive was applied to join the component parts of the pattern. 
The same melting and pouring practice was used with both patterns. The 
positive pressure displacement filling of about 137.8952 to 172.369 
millibars (2 to 2.5 Ibf/in2) was used while the vacuum level was not 
applied during this experiment. Argon gas was also applied for 
protection of the molten metal during pouring. The positions of triggers 
and thermocouples on each type of pattern for this experiment were at 
the same places as in the previous counter gravity pouring experiment. 
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Cleaning and finishing of the castings were the same as for the previous 
experiment. Specimens were taken from the centre part of each casting 
for microstructure analysis. The suggestion from Buehler for polishing 
the specimen sample for metallography was implemented. The details 
were provided in section 5.1.4 of chapter 5. 
5.3.2.6 Stage 6 (12th experiment; July 20, 1994) 
Objectives of the Experiment 
To study the microstructure of ZREl Mg alloy in castings produced 
using different pattern orientations, namely vertical and horizontal, by 
counter gravity pouring using the conventional EPC process with only 
filling pressure. The gating ratio was 1:4:4. Low density EPS patterns 
were used. 
Experimental Practice 
The gating designs were similar to those used in the eleventh 
experiment. 
The low density EPS foam pattern, which had a bigger bead size (bead 
density is about 19.5-20 grams/litre), was produced by injection 
moulding. For pouring practice a positive pressure displacement filling 
of about 137.8952 millibars (2 Ibf/in2) was used. 
Other methods applied were similar to those of the eleventh experiment. 
5.3.2.7 Stage 7 (13th experiment; October 6, 1994) 
Objectives of the Experiment 
To study the microstructure of ZREl Mg alloy in castings produced 
using low, medium and high bead densities of EPS test bar patterns in 
the same assembly. The method of counter gravity pouring used in the 
conventional EPC process, with filling pressure only, was used. The 
effects of different pattern densities were to be observed. 
Experimental Practice 
The EPS pattern was designed to have a separate runner connecting 
pairs of low, medium and high density test bar patterns together with 
the same ingating and top feeder, see figure 5.6. The gating ratio was 
I :4:4. The cluster of patterns was connected to the top and bottom 
runners with hot melt adhesive. Then the assembly was dipped in the 
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coating mixture and dried at room temperature for at least 12 hours. 
The joining of the pattern cluster with the ingating and top feeder was 
done afterwards using hot melt adhesive. The uncoated sections of the 
assembly were brush coated with the coating mixture. 
The melting and pouring procedures were similar to the prevIOus 
experiment. 
Silicone glue was applied to the boiler gasket's lower surface (only the 
outside periphery). A mixture of graphite powder and oil (for sand core 
making), in the ratio of 1: 1.5, was painted on its upper surface before 
the steel cover plate was closed on the top of the counter gravity 
furnace. 
The filling pressure of Argon gas in the counter gravity furnace was 
137.8952 millibars (2 Ibf/in2). A filtration system using steel wool was 
applied to avoid any inclusions or contaminants in the castings. 
Thermocouples were used to measure the solidification temperature of 
the castings while triggers were used to check the filling time at each 
selected point of each casting. The thermocouples were plugged into the 
pattern at the top of the feeder at the centre and the top of the centre of 
the triangular joint attached to the ingate. The triggers were plugged 
into the pattern at the inlet and outlet of each test bar in the runners' 
areas. 
-Feeder 
L....,,...-r-r-;r-4-.L.....,....,,---.c,..,-J - Upper Runner 
-Test Bar 
'------'T'-T'------'-Lower Runner 
-Ingate 
I 
Fig. 5.6 Pattern Design (longitudinal section view) 
13th experiment; October 6, 1994 
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5.3.2.8 Stage 8 (l4th experiment; November 18, 1994) 
Objectives of the Experiment 
The objectives of this experiment were similar to those of the preceding 
experiment. 
Experimental Practice 
There was a change to the feeder which was insulated by a fibre sleeve 
to improve its effectiveness. Other pattern details were maintained. (see 
figure 5.7) 
The melting and pouring procedures were similar to the previous 
experiments. The filling pressure of Argon gas in the counter gravity 
furnace was increased to 344.738 millibars (5 Ibflin2). The filtration 
system using steel wool was retained. 
The thermocouple and trigger locations in the pattern were similar to 
the previous experiment. 
.,--...,.... ....... -
Insulator 
Feeder 
'--"..,.......,-:r-.L..j...L.""""'--'"7T"-' - Upper Runn er 
- Test Bar 
'--___ ¥.,-'-___ ...J-Lower Runner 
-Ingate 
I 
Fig. 5.7 Pattern Design (longitudinal section view) 
14th experiment; November 18 1994 
5.3.2.9 Stage 9 (15th experiment; December 1, 1994) 
Objectives of the Experiment 
The objectives were similar to the previous experiment. 
Experimental Practice 
The design of the pattern, see figure 5.8, was changed in order to 
reduce the volume of pattern material. Each test bar would have its own 
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feeder while each feeder's periphery was coated except at its top. The 
shared feeder and upper runners were eliminated. The lower runners 
were tapered instead of rectangular shapes. The melting and pouring 
procedures and the filtration system were similar to the previous 
experiments. The level of the filling pressure was increased to 551.5808 
millibars (8 Ibf/in2). 
The thermocouples were plugged into the pattern at the top of each 
feeder at the centre and the top of the centre of the triangular joint 
attached to the ingate. The triggers were plugged into the pattern at the 
inlet of each test bar in the runner's area and the outlet of each test bar 
in the feeder's area. 
- Feeder 
-Test Bar 
----l,+.,L-~-..... - Runner 
-Ingate 
Fig 5.8 Pattern Design (longitudinal section view) 
15th-16th experiment; December 1 & 7, 1994 
5.3.2.10 Stage 10 (16th experiment; December 7, 1994) 
Objectives of the Experiment 
The objectives were similar to the previous experiment. 
Experimental Practice 
The previous experiment was repeated in order to obtain a record. 
5.3.2.11 Stage 11 (17th experiment; December 14, 1994) 
Objectives of the Experiment 
The objectives were similar to the previous experiment. 
Experimental Practice 
Proposed solutions were introduced to solve the problems encountered 
in the previous experiment as follows:-
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• A flat plate made of wood was used as a stand for the mould during 
vibration. 
• Thin strips were used to link the feeders to improve rigidity of the 
pattern assembly, see figures 5.9 and 5.24. 
• The joint between the mould and the steel cover plate was assured to 
stand properly before the filling would be started. 
Thermocouples and triggers were plugged into the similar regions of 
the pattern as done in the fifteenth experiment. 
Other procedures were similar to the previous experiment. 
- Feeder 
-Test Bar 
r---' ........ ---''-'-ri-,-........ ----' ........ .., -Runner 
Ingate 
Fig. 5.9 Pattern Design (longitudinal section view) 
17th experiment; December 17, 1994 
5.3.3 The last stage of test bars' casting 
Objectives of the Experiment 
To study and compare the microstructure and mechanical properties, 
especially in tensile strength and % elongation, of ZREl Mg alloy in 
casting of a test bar shape (as cast condition) as follows:-
I. To compare gravity casting in an empty sand mould and counter 
gravity casting in the conventional EPC process. 
2. To investigate counter gravity casting in the following conditions 
which are 
2.1 The same filling pressure with different pounng 
temperatures. 
2.2 Different filling pressures with the same pounng 
temperature. 
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5.3.3.1 Sand Casting Gravity Pouring 
Experimental Practice 
An aluminium pattern, which had a cylindrical test bar attached with a 
round sprue on the top, was used to make the empty test bar moulds in a 
flask, which was a large diameter plastic tube. The moulds were 
produced in chemically bonded sand. The composition of the sand 
mixture and other details were provided in the mould production 
section of the gravity pouring method in section 5.2.2. 
I 
I 
: 
I 
I 
I 
+ 
I 
sprue 
steel wool 
filtration 
test bar 
chemically 
bonded sand 
mould 
Fig. 5.10 showing Mg ZRE1 test bar for gravity top pouring with 
filtration (by steel wool) in a chemically bonded sand mould. 
Flux melting and top gravity pouring with steel wool filtration were 
used to produce gravity sand cast test bars, see figure 5.10. The test bar 
castings were taken out from the mould, fettled and shot blasted. Non-
destructive inspection by the X-ray method was done to detect the 
presence of defects inside the test bar castings. After that the test bar 
castings were machined to prepare specimens for tensile testing. The 
fracture surface and microstructure of the test bar samples were 
examined after the tensile testing. 
5.3.3.2 EPC Counter Gravity Pouring 
Experimental Practice 
The design of pattern was based on the seventeenth experiment's 
solution in implementing thin strips to link the feeders to improve 
rigidity of the pattern assembly. The EPS patterns cut from a foam 
sheet were used to produce various parts of patterns such as feeders, test 
bars (rectangular shape), runners, a triangular joint and an ingate. All 
runners were tapered. Then the various pattern parts were assembled 
with hot melt adhesive and dipped in the coating mixture. 
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Flux melting, counter gravity pouring and filtration were employed. 
The following experimental conditions were evaluated:-
1. Filling pressure at 551.5808 millibars (8 Ibf/in2) at the pouring 
o 
temperatures of 780, 800, 820 C. 
2. Filling pressure at 689.476 millibars (10 Ibf/in2) at the pounng 
o 
temperature of 800 C. 
The thermocouples and triggers were implemented in a similar manner 
to those in the fifteenth experiment. The thermocouples were plugged 
into the pattern from the top of each feeder at the centre and the top at 
the centre of the triangular joint attached to the ingate. The triggers 
were plugged into the pattern at the inlet of each test bar in the runner's 
area and the outlet of each test bar from the circumference side at the 
middle of the feeder's area. The zero trigger and ground were plugged 
in the form of a cross sign near the entrance of the ingate at different 
levels underneath the first trigger. The thermocouples were used to 
investigate the test bars' consistency of solidification while the triggers 
were used to check the sequence of molten metal flow in filling. 
Afterwards these test bar castings were handled similar to those of the 
sand casting gravity pouring experiments. (See figures 5.11 and 5.21) 
_...-weight thermocouples and 
a steel bar ... ;==~~~j:!f ... perfOrated triggers' lines 
screw plate ,-----------, 
a steel flask- r+..:;-~unbonded I Analog! I 
sand mould : ADU Dig~aJ 
grain refinement pattern Un~ 
puddling tool a steel 
1 cover plate flux temperature I MELTING I f Transfer ~~m~t;. seal recording I 
EO ~ filling tube I timer & Time I 
Electrical ~ ~ 6 ~~go 0 thermocouple: trigger Recording: Resistance 0 0 ~ circuit I 
o 0 00 !POURING! 1_ - - - - - - - - - - I Furnace go. . 
o ~ ~ IMEASURING I 
'---......::.,~ 
Argon Counter steel crucible 
gas Gravity 
cylinder Furnace 
filtration connect to 
steel crucible 
Fig. 5.11 Diagram of EPC Counter Gravity Pouring 
The charts of solidification can be shown as follows:-
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Fig. 5.12 A chart for filling pressure 689.476 millibars (10 Ibf/in2 ) 
and pouring temperature 800°C 
0 
GI 
GI 
~ 
Cl 
GI 
'C 
800 
600 
400 
200 
N N 
o 
N 
o 
N 
N 
o 
'" 
seconds 
o 
N 
'<t 
---- triangular 
jOint 
- - - - - thermocouple 
no. 1 
thermocouple 
no. 2 
- - - - - - thermocouple 
no. 3 
- - - - - - - thermocouple 
no. 4 
thermocouple 
no. 5 
- - - - - thermocouple 
no. 6 
Fig. 5.13 A chart for filling pressure 551.5808 millibars (8 Ibf/in2) 
and pouring temperature 780, 800 or 820°C 
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Photographs for Chapter 5 
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Fig. 5.14 EPS patterns [from left (A) to right (D)] 
(A) an injected moulcling test bar 
(B) a cut test bar which is a long rectangular shape straight bar 
(C) an injected moulding step bar (in the side view and the front view) 
(0) an injected moulding casting (in left side view, front view and right side view) 
Fig. 5.15 A round pouring cup (on the left hand side) and 
a fibre sleeve tube for a filtration system (on the right hand side) 
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Fig. 5.16 (left) 
A steel cover plate's unit 
(on the side view) 
[It is composed of a cover plate, 
a connection tube, a filling tube, 
a thermocouple with a 
thermocouple wire and its plug, 
and heat insulating wools.] 
Fig. 5.17 (bottom) 
A steel cover plate's unit 
(on the top view) 
a sectional view 
Fig. 5.18 A filtration system for counter gravity pouring method 
[ a sectional view Oeft); a non-sectional view (right) ] 
It is composed of a steel wool filter CD between a top CD and a bottom CD 
fibre sleeve tube in a chemically bonded sand mould ® . 
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Fig. 5.19 EPe process machine (left) 
with the diagram of Styrocast from Auto Alloy Ltd. (right) 
Main component features of Styrocast 
t. Gravity feed sand hoppper 8. Vacuum pump. water tank 
2. Flexible sand dispenser 9. Filler cap 
3. Operational switches 
4. Sand elevator 
5. Moulding flask 
6. Vibration motors 
7. Vacuum pump 
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10. Flexible vibration pads 
It. Sand flow regulator 
12. Vacuum chamber 
13. Sand shutter 
14. Sand screening & elevator boot 
Fig. 5.20 Vibration/compaction in vertical direction 
[The flask was placed on the triangular wood table attached 
to the corner of the flask of the EPC process machine.] 
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Fig. 5.21 showing the casting unit set up for EPC counter gravity pouring. 
A ready-made flask of the casting unit was located on the top of the counter gravity 
pouring unit after the crucible had first been put inside the counter gravity furnace ready 
for pouring. The controlled pouring unit was situated at the side of the furnace. The 
triggers and thermocouple wires were connected to the analog/digital unit for recording. 
The weights were placed on the top of the mould. 
158 
Fig. 5.22 showing the location of thermocouples and triggers 
plugged into the pattern inside the flask from top view. 
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Fig. 5.23 showing the vertical oriented pattern (left) and the horizontally oriented 
pattern (right) for counter gravity pouring during the trial period of the experiments. 
Fig. 5.24 showing the pattern cl uster for test bars' casting 
in counter gravity pouring during the final stage of the experiment. 
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Fig. 5.25 Mg ZREl polished sample etched with etchant no.l (nital); 
SOx magnification 
.:.< 
, 
~~ : ~ .. " 
.~ . 
. 
) . 
. . 
Fig. 5.26 Mg ZRE 1 polished sample etched with etchant no.! (nital); 
200x magnification 
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Fig. 5.27 Mg ZREl polished sample etched with etchant no.2 (glycol); 
SOx magnification 
Fig. 5.28 Mg ZREl polished sample etched with etchant no.2 (glycol); 
200x magnification 
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Fig. 5.29 Mg ZREl polished sample etched with etch ant no.3 (acetic glycol); 
SOx magnification 
Fig. 5.30 Mg ZREl polished sample etched with etchant no.3 (acetic glycol); 
200x magnification 
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Fig.5.31 Mg ZREl polished sample etched with etchant no. 10 (HF+HN03); 
SOx magnification 
Fig. 5.32 Mg ZREl polished sample etched with etchant no. 10 (HF+HN03); 
200x magnification 
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Chapter 6 
Results and Observations 
6.1 Introduction 
This chapter is divided into two parts. The first part is concerned with 
the results and observations from the experimental work on the casting 
process. The second part is concerned with the mould filling model of 
the casting process. 
The former part is divided into three topics which are gravity 
pouring method, counter gravity pouring method and the last stage of 
test bars' casting. The section on the gravity pouring method reports the 
studies in producing magnesium alloy ZREl under gravity pouring. The 
first three experiments were concerned with sand casting gravity 
pouring while the remaining experiments were studies on process 
parameters and other factors in EPC process gravity pouring. The 
evaluation of microstructure in the castings is reported. Also the 
problems and solutions are clarified. 
The section on the counter gravity pouring method sequentially 
reports the studies in the production of magnesium alloy ZREl under 
counter gravity pouring. The results reflect the effects of process 
parameters in this method. The concerned parameters were gating ratio, 
pattern orientation, process parameters such as filling pressure, 
with/without vacuum assistance, and pattern density as examples. The 
appearance of the castings, defects and microstructures, together with 
selected mechanical properties, are reported. 
The results of solidification curves (time vs. temperature) of 
castings in both orientations when thermocouples were applied in the 
experiments are also presented. The recorded time of the melt as it 
passed each trigger's location, when triggers were applied in the 
experiments, are also presented. The flow speeds derived from 
calculations based on measuring the distance and time in filling of that 
location are presented. 
As for the gravity pouring method, the problems and solutions in 
counter gravity pouring are described. 
The last stage of test bars' casting is the final section of the first 
part. Problems and solutions in the production of completely filled 
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castings from test bar patterns are initially presented. The investigation 
of the microstructures and tensile tests of both sand casting gravity 
pouring and EPC counter gravity pouring are presented sequentially. 
Both the observations of microstructure and defect analysis used either 
optical microscopy or scanning electron microscopy in addition to 
spectroscopy analysis. Tensile properties and fractures are described. 
The latter part deals with the mould filling model of the casting 
processes. Analyses of the different pouring methods are introduced; 
these are an empty cavity mould pouring process with bottom gated 
gravity pouring or counter gravity pouring, and expendable pattern 
casting with gravity and counter gravity pouring. Finally analysis of 
phenomena in the experimental work for the case of counter gravity 
pouring in EPC process is described and its characteristics established. 
Also the quasi one dimensional fluid mechanics analysis is clarified in 
this section. 
Part A : Experimental Work on the Casting Process 
6.2 Casting Trial Experience 
6.2.1 Gravity Pouring method 
6.2.1.1 Examination & Diagnosis 
In the first and second experiment visual examination enabled porosity 
and shrinkage occurring at the outside surfaces of the casting to be 
observed. Then the casting was cut into transverse and longitudinal 
sections symmetrically by a handsaw. A specimen from the centre part 
of the casting was collected for microscopic examination. It was 
examined with techniques of metallography to check the cast alloy's 
microstructure. 
The microscopic inspection of the specimen etched with nital showed 
that zirconium had not appeared and only Mg2Si and many oxides and 
porosity were present in the microstructure. From the runner bar's 
fracture it was confirmed that the oxides were present. A blowhole at 
the riser was explained as being the result of the gas from degradation 
of the foam pattern. Some of the Mg2Si may well have arisen because a 
coated crucible and tools were used. 
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From the microscopic examination in the third experiment it was seen 
that the melting procedure for this ZREI magnesium alloy was 
improved. The as-cast microstructure of polished specimens appeared 
like the picture in the reference book (Fig. IX 74; page 287-Emley, 
Principle of Magnesium Technology). Grain boundaries and grains 
could be seen clearly. 
The specimen from the uncoated foam pattern casting had porosity and 
inclusions, especially at its edges. Even so, the appearance was better 
than those of the polished specimens from the previous experiments. 
The specimen from the inhibitor coated foam pattern casting had less 
porosity and inclusions than the specimen from the uncoated foam 
pattern casting. 
The specimen from the pink coated foam pattern casting had some 
porosity and inclusions. These were primarily at the edge of the 
specimen. The condition of these defects is equivalent to the condition of 
the specimen from an inhibitor coated foam pattern casting. 
The grain size did not differ significantly among these specimens. The 
feeding design for the casting was fairly satisfactory. No critical 
shrinkage occurred in the casting. The chemical composition of the 
casting was determined from the chemical sample. 
The chemical composition of the sample was as follows (in percentage) 
Mg 90.63, Al 0.000, Ce 1.72, La 0.593, Nd 0.546, Pr 0.157, Mn 0.006, 
Fe 0.0042, Cu 0.002, Ni 0.0000, Zr 0.433, Pb 0.000, Zn 2.67, Ag 
0.000, Be 0.0002, Th 0.000, Si 0.008, RE 3.04 
In the fourth experiment there was a dark layer present on the outside 
surface of all castings. The surface finish of all castings was fairly 
satisfactory. A cold lap was present at the corner of the casting filled by 
bottom gating without vacuum assistance. From the microscopic 
examination the grains and grain boundaries of all castings could be 
seen. Inclusions and microporosity were distributed throughout the 
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castings. Vacuum assistance seemed to help the gas extraction from the 
destruction of the EPS pattern by the molten metal because the general 
appearance of specimens produced with vacuum assistance looked 
better. The defects in the metal were expected because of the gas which 
arises from EPS pattern's destruction. This creates more turbulence 
during pouring of the metal creating inclusions and microporosity. A 
specimen from the bottom gated, and vacuum assisted, casting appeared 
to have the best microstructure. 
The chemical composition of the sample was as follows (in percentage) 
Mg 91.28, Al 0.000, Ce 1.52, La 0.518, Nd 0.480, Pr 0.l34, Mn 0.006, 
Fe 0.0043, Cu 0.002, Ni 0.0000, Zr 0.528, Pb 0.000, Zn 2.64, Ag 
0.000, Be 0.0002, Th 0.000, Si 0.006, RE 2.68 
Remark: 
ASTM EZ33A Chemical composition (in percentage) 
Composition Limits:- RE 2.5 to 4.0, Zn 2.0 to 3.1, Zr 0.50 to 1.0, Cu 
0.10 max, Ni 0.01 max, others (total) 0.30 max and Mg remainder. 
In the fifth experiment there was the dark layer on the outside surface 
of each of the castings, as observed for the previous experiment. There 
were oxides present which could be seen from the fractures at the ingate 
of each casting. The cause could be from the poor protection of the 
molten metal by the shielded gas during pouring into the mould cavities. 
There appeared also to be defects which could be caused by pattern 
degradation gases. Three of the four castings had a satisfactory surface 
finish. The casting which was top gated with a changed pattern 
orientation had a bad surface finish on both sides caused by the escaping 
gases. From the microscopic examination the microstructure of all 
castings revealed similar grains and grain boundaries. The main 
problems were inclusions and microporosity. The former was more 
serious than the latter. There were no significant differences in the 
microstructures of the castings. Pattern orientation seemed to have no 
effect on the microstructure. Vacuum assistance, which was increased, 
may have improved permeability and aided gas escape from the mould 
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but may also have interfered by creating turbulent mixing of gas and 
molten metal in the mould cavity. These assumptions were not proved. 
In the sixth experiment the appearance of the castings revealed the 
following details:-
I. Top filling with vacuum assistance. 
Both castings had the dark layer on their outer surfaces. The thinnest 
section in one of the castings did not fill completely. There were laps 
and blow holes on one side near the thinnest part of both castings. One 
casting's surface finish was fair, but the other one had a rough surface 
in some regions which looked like metal penetration. 
2. Top filling without vacuum assistance. 
The dark layer was evident on the surface of the castings. Also their 
thinnest sections were not filled completely. Their surface finishes were 
fair. There were blow holes on one side near the thinnest part of both 
castings. The defect looked like a flow line caused by entrapped gases. 
3. Bottom filling with vacuum assistance. 
The appearance was similar to the castings that were top filled without 
vacuum assistance. 
4. Bottom filling without vacuum assistance. 
The appearance was similar to the castings that were top filled without 
vacuum assistance. Their condition was poor as a result of entrapped 
gases. The thinnest steps (3 and 6 mm) were not filled. 
The microstructures of the samples were investigated and revealed the 
following details:-
Grains and grain boundaries appeared in the microstructure. Inclusions 
were distributed in their structure. For a similar condition of filling, it 
appeared that the grain size in the thinner section was smaller than for 
the thicker one. The entrapped gas holes could be seen clearly in the 
samples of 22 mm. thickness from the bottom gated, vacuum assisted 
casting. There appeared to be a crack line of inclusions between the 
grains (along grain boundaries) leading to the surface of the casting in 
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the sample of 12 mm thickness produced by bottom gating with vacuum 
assistance. 
6.2.1.2 Problems & Solutions 
In the first and second experiment it was essential to control the melt 
temperature after grain refinement and maintain it in a steady state until 
the molten metal was poured because zirconium can precipitate as nuclei 
for crystallisation in the microstructure only under this condition. If the 
temperature is allowed to drop and the melt heated up again, the 
crystallisation of zirconium will not occur. 
The foam pattern was not coated so the mould and molten metal could 
react directly which caused the problem of inclusions, porosity, a 
blowhole and the absence of zirconium in the microstucture. The 
coating of the pattern is considered to be essential. 
The malpractice of using white cement coating of a crucible and tools 
was a serious error. Subsequent melts were produced using an uncoated 
crucible and tools. 
During the pouring in the fifth experiment an accident occurred because 
the molten metal was splashed out to cover the top of the mould. The 
metal burnt because of oxidation. Flux and sulphur powders can be used 
as a fire extinguisher. Dry sand also can be used by spreading carefully 
above the fire to stop oxidation. 
6.2.2 Counter Gravity Pouring method 
6.2.2.1 Examination & Diagnosis 
From the seventh experiment the appearance of the castings revealed the 
following details:-
Both castings had the dark layer from their coatings. Their surface 
finishes were fair. The vertically oriented casting had a lap which could 
be seen clearly on the outside surface of the casting. The horizontally 
oriented casting did not have a lap. 
Other defects present were a blowhole at the outside surface where the 
ingate contacted the pink fibre sleeve and another similar blowhole at 
the runner near the horizontal casting. From the visual inspection of 
both in gate fractures oxides did not appear to be present. 
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The microstructures of the samples were investigated and revealed the 
following details:-
Inclusions were distributed in both specimens' microstructures. They 
may have been from pattern degradation. Grains and grain boundaries 
were observed but each grain was not separated individually. The grain 
sizes looked larger than those from previous experiments. The reason 
may be insufficient puddling of the grain refinement addition. A 
number of black spots, which was a new feature, existed in the 
microstructure. (See figs. 6.13 and 6.14) 
From the eighth experiment the appearance of the castings revealed the 
following details:-
Both castings had the dark layer from their coatings. Their surface 
finishes were fair. There were shrinkage defects present at their ingates 
due to the triggers' wires. A hole produced by entrapped gases from 
pattern degradation appeared at the runner. Both surfaces of the 
vertically oriented casting had concave shapes. One surface of the 
horizontally oriented casting also had concave shapes. For the 
horizontally oriented casting they happened in irregular positions on the 
surface. At the thinner section a big blowhole, probably caused by 
entrapped gases from pattern degradation, appeared inside. Also 
blowholes appeared at the centre of the thick section near the thinner 
section of the casting. 
The microstructures of the samples were investigated and revealed the 
following details:-
For the vertically oriented casting, grains and grain boundaries were 
observed. Some inclusions were distributed in the microstructure. A 
crack was observed which appeared to be formed from discontinuous 
blowholes or microporosity. Black spots were distributed in the 
microstructure, similar to those observed in the seventh experiment. 
For the horizontally oriented casting,· grains and grain boundaries were 
also observed. Some inclusions and microporosity were distributed in 
the microstructure. Similar black spots were distributed in the 
microstructure but the amount of spots looked greater. 
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Patterns' Orientation 
Horizontal Vertical 
iE3~ trigger 
& ground 
+ Trigger No. X Thermocouple No. 
Fig. 6.1 showing the positions of triggers and thermocouples 
The positions of triggers in the patterns and the thermocouples are 
shown in the attached figure. The result of trigger times was displayed 
as follows:-
Trigger's point Time (seconds) 
No. I 0.027 
No. 2 1.048 
No. 3 1.081 
No. 4 1.075 
No. 5 2.014 
No. 6 2.008 
No. 7 2.047 
No. 8 3.035 
No. 9 3.057 
No. lO 4.028 
The chart of time vs. temperature (chai I vs. time) represents the 
solidification curves for both castings. From the chart the horizontally 
oriented casting cooled more quickly than the vertically oriented 
casting. 
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From the ninth experiment the appearance of the castings revealed the 
following details:-
Both castings had the dark layer from their coatings. Their surface 
finishes were very satisfactory. There was a scab underneath the 
horizontally oriented casting near its ingate. This may have happened 
for two reasons. The first is that molten metal penetrated the sand 
mould because of poor sand compaction. The second is that the coating 
of the foam pattern did not stick properly. Visual inspection of the 
fracture of the castings at their ingates did not reveal defects and the 
microstructure seemed fine. Also the castings looked sound and no other 
defects were present on their outside surfaces. 
The microstructures of the samples were investigated and revealed the 
following details:-
Grains and grain boundaries were observed. There were some 
microporosity and inclusions. Many black spots, similar to those 
observed in the previous (7th & 8th) experiments, were distributed in 
the microstructures. There were more in the vertically oriented casting 
but less in the horizontally oriented casting. 
The result of trigger times was displayed as follows:-
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Trigger's point Time (seconds) 
No. I 1.092 
No. 2 3.052 
No. 3 5.082 
No. 4 5.055 
No. 5 6.098 
No. 6 6.092 
No. 7 20.098 
No. 8 12.091 
No. 9 25.032 
No. 10 39.055 
The insulation covers of triggers number five and nine were melted by 
the heat of the molten metal. 
The chart of time vs. temperature (chai 2 vs. time) represents the 
solidification curves for both castings. From the chart the vertically 
oriented casting cooled a little more quickly than the horizontally 
oriented casting. The figure shows that there were some temperature 
fluctuations as the castings started to solidify. 
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From the tenth experiment the appearance of the castings revealed the 
following details:-
Compared with those castings produced in the ninth experiment, both 
castings had less dark layer at their surfaces. Their surface finishes 
replicated those of the cut patterns. No other defects were present on 
their outside surfaces. 
The microstructures of the samples were investigated and revealed the 
following details:-
Grains and grain boundaries were observed. There were some 
microporosity, voids (blowholes) and inclusions. Fewer black spots 
were distributed in the microstructures. In the vertically oriented 
casting some inclusions occurred in a longitudinal line. In the 
horizontally oriented casting they were scattered around the 
microstructure. The amount of spots in castings produced from the low 
density EPS patterns looked significantly less than those produced from 
the high density EPS ones. 
The result of trigger times was not available to display. There was a 
problem that the filling times of the castings were not measured. The 
reason was that the molten metal did not pass the trigger and ground 
probe because it flowed to the side of the pattern. 
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The chart of time vs. temperature (chai 3 vs. time) represents the 
solidification curves for both castings. From the chart both castings' 
cooling curves were identical. 
Mechanical Properties' Testing in the tenth experiment 
The collected samples were machined according to the specification of 
the Hounsfield company that built the testing machine. Two test bars 
from each casting were used. Hounsfield's test piece size no. 16 was 
used in these mechanical properties' tests. The tensile test used the 
constant load method in testing. Tensile strength was observed. 
The details of calculation are as follows. 
Modulus (test on elastic limit) 
Range of load was 10 kN (constant) which equals to 10 V. 
Setting of the extensometer was 0.2 mm which equals to 10 V. 
Gauge length of the extenso meter was 20 mm. 
Scale on the chart in x-axis (extension) 0.1 V = 1 cm; 
in y axis (load) 0.5 V = 1 cm. 
Ultimate tensile strength (the test was going on until the test bar was 
fractured) 
Range of load was 25 kN (constant) which equals to 10 V. 
Maximum movement for the machine was 10 mm which equals to 10 V. 
The machine would stop at this length even if a test bar was not 
fractured. 
This length was expected to be the fracture length which represents 
ductility in that material. 
Scale on the chart in x-axis (extension) 0.5 V = 1 cm; 
in y axis (load) 0.5 V = 1 cm. 
For one of the vertically oriented casting test bars 
The diameter of the test bar Do (mm) = 9.115 
Area Aa (mm2) = 0 20/4 = 65.253 
The test bar was broken at the cone of the test bar due to the inclusion 
defect inside. 
The elongation was about 2 % while reduction in area was about 1 %. 
From the curve in the test chart the breaking point was at y = 4.7 cm 
and x = lA cm. 
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y-axis 1 cm = 0.5 V then 4.7 cm = 2.35 V 
so 10 V = 25 kN then 2.35 V = 5.875 kN 
x -axis 1 cm = 0.5 V then 1.4 cm = 0.7 V 
so 10 V = 10 mm then 0.7 V = 0.7 mm 
The test bar was broken with load 5.875 kN at the extension length 0.7 
mm. 
Stress = Load/Original area 
Ultimate stress = Breaking load/Original area (Aa) 
= 5.875 kN/65.253 mm2 = 90 MPa 
From another curve in the test chart the end point of the modulus curve 
was at y = 3 cm and x = 4 cm. 
y-axis 1 cm = 0.5 V then 3 cm = 1.5 V 
so 10 V = 10 kN then 1.5 V = 1.5 kN 
x -axis 1 cm = 0.1 V then 4 cm = 0.4 V 
so 10 V = 0.2 mm then 0.4 V = 0.008 mm 
Modulus = Stress/Strain 
Stress = Load/Original area = 1.5 kN/65.253 mm2 = 23 MPa 
Strain = (L-Lo)/La = 0.008 mml20 mm = 4x1O-5 
Modulus = 23 MPal4xlO-5 = 57,500 MPa 
Similarly for one of the horizontally oriented casting test bars: 
The diameter of the test bar Da (mm) = 9.13 
Area Aa (mm2) = D2014 = 65.468 
The test bar was broken at the neck at one side. 
The elongation was about 4% while reduction in area could not be 
checked. 
From the curve in the test chart the breaking point was at y = 5.7 cm 
and x = 2.1 cm. 
y-axis 1 cm = 0.5 V then 5.7 cm = 2.85 V 
so 10 V = 25 kN then 2.85 V = 7.125 kN 
x -axis 1 cm =0.5 V then 2.1 cm = 1.05 V 
so 10 V = 10 mm then 1.05 V = 1.05 mm 
The test bar was broken with a load of 7.125 kN at an extension length 
1.05 mm. 
Stress = Load/Original area 
Ultimate stress = Breaking load/Original area (Aa) 
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= 7.125 kN/650468 mm2 = 109 MPa 
From another curve in the test chart the end point of modulus curve was 
at y = 2.1 cm and x = 4 cm. 
y-axis 1 cm = 0.5 V then 2.1 cm = 1.05 V 
so 10 V = 10 kN then 1.05 V = 1.05 kN 
x -axis 1 cm = 0.1 V then 4 cm = 004 V 
so 10 V = 0.2 mm then 004 V = 0.008 mm 
Modulus = Stress/Strain 
Stress = Load/Original area = 1.05 kN/650468 mm2 = 16 MPa 
Strain = (L-Lo)1Lo = 0.008 mm/20 mm = 4x 10-5 
Modulus = 16 MPal4xlO-5 = 40,000 MPa 
From the eleventh experiment the appearance of the castings revealed 
the following details:-
Both castings had the dark layer at their surfaces. Their surface finishes 
were similar to the patterns. No other defects were present on their 
outside surfaces. 
The microstructures of the samples were investigated and revealed the 
following details:-
For the high density EPS pattern produced by injection moulding (bead 
density was about 32 gmsllitre). 
Grains and grain boundaries were observed. Both vertically and 
horizontally oriented castings contained microporosity and inclusions. 
The vertical one seemed to have more inclusions than microporosity 
while the horizontal one seemed to have similar amounts of each. The 
defects did not occur together. Black spots were not observed. 
For the low density EPS pattern cut from a foam sheet (bead density 
was about 19 gmsllitre). 
Grains and grain boundaries were observed in their microstructures. 
Both vertically and horizontally oriented castings contained 
microporosity and inclusions. The vertical one seemed to have more 
inclusions than microporosity while the horizontal one seemed to be the 
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opposite. Both defects seemed to occur together. Black spots were not 
observed. 
In comparison the casting produced from the high density pattern had 
less defects than that produced from the low density one. However, the 
low density patterns came from a different kind of bead. So the low 
density pattern from the same type of bead was examined again. 
For the low density EPS pattern produced by injection moulding (bead 
density was about 23-24 gmsllitre). 
Grain and grain boundaries were observed. Both vertically and 
horizontally oriented castings contained microporosity and inclusions. 
Black spots were randomly distributed, sometimes across the whole 
microstructure, but in other cases in only one area of the 
microstructure. 
Other investigations:-
For high density EPS pattern produced by injection moulding 
The result of trigger times was displayed as follows:-
Trigger's point Time (seconds) 
No. I 22.68 
No. 2 24.33 
No. 3 26.75 
No. 4 26.86 
No. 5 28.72 
No. 6 28.72 
No. 7 33.06 
No. 8 33.01 
No. 9 33.23 
No. 10 36.03 
Remark:- The filling times of the castings were measured but the 
numbers were not correct because the filling pressure was turned on 
and off then on again causing double passing of the molten metal. This 
action caused the probe to continue. counting from the first time the 
metal contacted the probe. The measuring times were not counted 
correctly from the actual start time for that reason. 
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The chart of time vs. temperature (chai 4 vs. time) represents the 
solidification curves for both castings. From the chart both castings' 
cooling curves showed similar patterns. 
Speed of molten metal between each point of the trigger in the castings 
point no. to length (mm) time (sec) speed (mm/sec) 
point no. 
1-->2 36 1.65 21.8 
2-->3 56.5-86.5 2.42 23.3-35.7 
2-->4 54-84 2.53 21.3-33.2 
3-->5 62 1.97 31.4 
4-->6 63.5 1.86 34.1 
5-->7 70 4.34 16.1 
6-->10 137 7.31 18.7 
5-->9 90 4.51 19.9 
3-->7 132 6.31 20.9 
4-->10 200.5 9.17 21.8 
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For low density EPS pattern produced by cutting a foam sheet 
The result of trigger times was displayed as follows:-
Trigger's point Time (minutes; seconds) 
No. 1 29; 6.93 
No. 2 29; 8.58 
No. 3 29; 11.0 
No. 4 29; 11.11 
No. 5 29; 12.97 
No. 6 29; 12.97 
No. 7 29; 17.31 
No. 8 29; 17.26 
No. 9 29; 17.48 
No. 10 29; 20.28 
Remark:- The filling times of the castings were measured but the 
numbers started strangely (more than 29 minutes at all triggers as the 
above result). The reason may be a fault in the electronic circuit. 
The chart of time vs. temperature (chai 5 vs. time) represents the 
solidification curves for both castings. From the chart both castings' 
cooling curves showed similar patterns. 
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Speed of molten metal between each point of the trigger in the castings 
point no. to length (mm) time (sec) speed (mm/sec) 
point no. 
1-->2 50 1.65 30.3 
2-->3 59.5-93 2.42 24.6-38.4 
2-->4 56-83.5 2.53 22.1-33.0 
3-->5 50.25 1.97 25.5 
4-->6 60 1.86 32.3 
5-->7 70.5 4.34 16.2 
6-->10 129.5 7.31 17.7 
5-->9 89 4.51 19.7 
3-->7 121 6.31 19.2 
4-->10 189.5 9.17 20.7 
For the low density EPS pattern produced by injection from moulding 
The result of trigger times was displayed as follows:-
Trigger's point Time (minutes; seconds) 
No. 1 0; 0.66 
No. 2 65461; 52.06 
No. 3 0; 1.49 
No. 4 0; 2.09 
No. 5 65514; 42.94 
No. 6 0; 2.09 
No. 7 53; 56.51 
No. 8 53; 56.46 
No. 9 53; 56.68 
No. 10 53; 59.48 
Remark:- The filling times of the castings were measured but the 
numbers were strange. The reason may be a fault in the electronic 
circuit. 
The chart of time vs. temperature (chai 7 vs. time) represents the 
solidification curves for both castings. From the chart both castings' 
cooling curves showed similar patterns. 
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Speed of molten metal between each point of the trigger in the castings 
can not be identified. 
From the twelfth experiment the appearance of the castings revealed 
the following details:-
Both castings had the dark layer at their surfaces. Their surface finishes 
were similar to the patterns. No other defects were present on their 
outside surfaces. 
The microstructures of the samples were investigated and revealed the 
following details:-
Grains and grain boundaries were observed. The major defects in both 
orientations of the casting were blowholes or microporosity. However, 
the number of these defects was small. Other defects such as inclusions 
and black spots did not appear. 
Other investigations:-
The result of trigger times was displayed as follows:-
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Trigger's point 
No. 1 
No. 2 
No. 3 
No. 4 
No. 5 
No. 6 
No.7 
No. 8 
No. 9 
No. 10 
Time (minutes; seconds) 
0; 1.48 
0; 2.91 
0; 5.98 
0; 7.25 
0; 9.22 
0; 11.15 
0; 19.99 
1; 65496.37 
I; 65496.43 
0; 26.96 
Remark:- The filling times of the castings were measured but the 
numbers were not correct on triggers no. 8 and 9. The cause may be the 
melting of the trigger's insulation in numbers 8 and 9. 
The chart of time vs. temperature (chai 8 vs. time) represents the 
solidification curves for both castings. From the chart both castings' 
cooling curves showed similar patterns. 
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Speed of molten metal between each point of the trigger in the castings 
point no. to length (mm) time (sec) speed (mm/sec) 
point no. 
1-->2 42 1.43 29.37 
2-->3 58-92.5 3.07 18.893-30.130 
2-->4 55-90.25 4.34 12.673-20.795 
3-->5 57.5 3.24 17.747 
4-->6 63.75 3.90 16.346 
5-->7 75 10.77 6.964 
6-->10 136 15.81 8.602 
5-->9 nJa nJa nJa 
3-->7 132.5 14.01 9.458 
4-->10 199.75 19.71 10.134 
In the fifteenth experiment a complete set of castings was produced after 
the filling problem that happened in the thirteenth and fourteenth 
experiments was investigated. All test bars looked sound from their 
outside appearance. However, a little bit of bending was observed on 
some castings. (See figs. 6.15, 6.16 and 6.17) 
In the sixteenth experiment the test bars at the inner part of the casting 
were not completely filled. The outer test bars at the outer part of the 
casting were completely filled but they were bent. (See fig. 6.18) The 
time at all triggers and thermocouples was recorded in this experiment. 
In the seventeenth experiment the expected filling pressure was about 
551.5808 millibars (8 Ibf/in2). However, by manual adjustment the 
filling pressure was increased to 620.5284 millibars (9 Ibf/in2). From 
the triggers' software it appeared that only three of the thirteen triggers 
touched the probe. With operator's judgement, at that moment increased 
filling pressure was applied manually to push the molten metal up to fill 
the mould and also touch all triggers. 
The molten metal was pushed up and escaped over the top of the 
compacted sand mould. Some molten metal solidified, some burnt on the 
top of the mould while some shot into the air and fell to surrounding 
areas. This caused a fire to happen through igniting easy burning 
materials nearby which also caused a lot of smoke in addition to the 
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associated molten metal's oxidation with air. The fire destroyed 
equipment associated with the mould and the counter gravity furnace. 
The temperature at thermocouples could be measured. However, some 
mistake of recording appeared because of the misconnection of that 
thermocouple's wires and burning. The triggers' probe recording was 
not obtained because that recorded file was not saved after the 
experiment was finished. The casting in this experiment is shown in fig. 
6.19. 
6.2.2.2 Problems & Solutions 
In the seventh experiment an uncoated cast iron filling tube with a blue 
fibre sleeve placed inside it was used. There was a problem in that 
molten metal solidified in the fibre sleeve of the cast iron filling tube. 
The solidified metal in the tube was difficult to get rid of. 
In the eighth experiment an uncoated cast iron filling tube containing a 
coated blue fibre sleeve was used. A problem occurred in that molten 
metal penetrated through the coating and solidified in the fibre sleeve of 
the cast iron filling tube. It was also difficult to get rid of this solidified 
metal in the tube. 
In the ninth experiment an uncoated steel tube containing a fibre sleeve 
was used instead. There were problems in measuring temperatures. The 
length of thermocouple tube was too short and the connected insulation 
at one edge melted. The tip of the thermocouple which touched the steel 
crucible failed to measure. The thermocouple wire used later fused. The 
measuring needle of the temperature recorder for the counter gravity 
furnace was stuck with some particles inside. The thermocouple wires 
of the counter gravity furnace were unsettled. The measured 
temperature figures may therefore be inaccurate. The experiment was 
completed and the problems solved later for future experiments. 
In the tenth experiment the filling times of the castings were not 
measured because the molten metal flowed to the side of the pattern so 
that it did not pass the trigger and ground probe. 
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In the eleventh experiment two triggers and ground probes were put as 
a cross sign in the different levels at the same area at the ingate part of 
the pattern. This prevented molten metal from passing them to the side 
as had happened in the tenth experiment. 
For pouring a high density EPS pattern from injection moulding the 
filling times of the castings were measured but the numbers were not 
correct because the filling pressure was turned on and off then on again. 
The probe was triggered to continue counting from the first time the 
molten metal contacted the probe. So all of the measuring times were 
not counted correctly from the actual start time for that reason. 
For pouring a low density EPS pattern cut from a foam sheet the filling 
times of the castings were measured but the numbers started strangely 
(about more than 29 minutes at all triggers as shown in the results 
later). The reason may be a fault in the electronic circuit. 
For pouring a low density EPS pattern from injection moulding the 
problem of strange numbers at all triggers was repeated while the 
filling times of the castings were measured. The previously mentioned 
reason may be the cause. 
In the twelfth experiment the pattern shape, produced by injection 
moulding, was distorted and was convex on the two large surface areas. 
This must have occurred because the beads of the pattern were still 
expanding after the die plates were opened to eject the pattern. 
The filling times of the castings were measured but the numbers were 
still strange at some triggers. The reason may be melting of the 
triggers' insulation in numbers 8 and 10. 
After the twelfth experiment there was the problem of seal leakage in 
counter gravity pouring. The burning of the seal material was a main 
cause of the leakage problem which caused the filling pressure from an 
external pressurised gas source to be reduced during a casting period. 
A boiler gasket was chosen as a new sealing material. It was obtained 
and tested before further experiments were conducted. After testing 
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with a cast sample, it appeared that a maximum filling pressure of about 
689.476 millibars (l0 Ibf/in2) was acceptable. Only a minor leakage at 
the top of the gasket was observed. The connection between the mould 
and the steel cover plate was fine (no leakage). The leakage problem 
seemed to be solved. 
In the thirteenth experiment the test bars filled to less than half their 
height by the level of filling pressure of 137.8952 millibars (2 Ibf/in2). 
The proposed solution was that the filling pressure should be increased 
to push the molten metal up efficiently. The level of filling pressure was 
expected to be 344.738 millibars (5 Ibf/in2). 
In the fourteenth experiment only one medium-density test bar (the 
inner one) was fully filled, the others were filled only to about half 
their height. After the concerned factors (as appeared in the discussion 
section) were justified, two factors were considered to exert significant 
influence, the pressure level and polystyrene volume. For the former it 
was proposed that the pressure level would be increased to 551.5808 
millibars (8 Ibflin2). This might overcome any interference from the 
filtration system. For the latter the design of pattern was changed to 
reduce the volume of pattern material. Each test bar would have its own 
feeder. The shared feeder and upper runners were eliminated. The 
lower runners were tapered. This would reduce the volume of pattern 
material and reduce the amount of decomposed products. 
In the fifteenth experiment a complete set of castings was produced 
while a little bit of bending was observed on some castings. The 
insulation at the ingate trigger melted and caused a failure in recording 
times. Only two of the seven channels of thermocouple were set to 
record due to practical error of the operator. These above mentioned 
points were checked so that subsequently the recording technique would 
be expected to be correct. 
In the sixteenth experiment the incomplete filling of the inner test bars, 
caused from the loss of filling pressure through the leakage of molten 
metal, occurred at the joint between the mould and the steel cover plate. 
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The bending of the outer test bars may have occurred during the stage 
of vibrating/compacting the sand mould. The following solutions were 
introduced to solve the problems:-
I. The joint between the mould and the steel cover plate must be 
assured. 
The horizontal level of the cleaned surface at the counter gravity 
furnace should be checked around by visualising through a straight steel 
rule as a level instrument. 
2. The bending of the test bars might be overcome by the following 
method. 
2.1. A flat surface table or plate should be fixed to the vibrating 
machine to provide stability during compaction. This method is 
expected to give a better solution than the point contact of the mould in 
previous experiments. 
2.2. Thin strips linked between the feeders were expected to 
provide improved rigidity of the pattern assembly and give a sufficient 
resistance to bending during the mould's vibration period. 
In the seventeenth experiment the investigation of the accident was 
observed and concluded. The proposed solutions had been listed as 
follows:-
• The vibration time for compacting the sand mould should be 
increased. 
• The sink-down distance in the top part of the mould should be 
justified. The method is as follows. 
The sink-down distance of a fixed volume of sand can be measured and 
compared between vibrating on the vibrator directly and vibrating with 
a table fixed on the vibrator. Then an average length of both measured 
distances can be used as an indicator. 
The time of vibration may be a factor to consider for achieving that 
average length. 
• A cover to safeguard the top of the mould should be designed to 
prevent the molten metal escaping from the top of the mould. 
• The level of filling pressure should be carefully controlled to be below 
10 Ibf/in2 or 689.476 millibars - refer to the former mention of the 
evaluation test before the thirteenth experiment was started. 
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• The temperature of the counter gravity furnace should be carefully 
monitored and controlled to avoid excessive heat in the furnace. 
• According to the mistakes of thermocouple recording and triggers' 
time the operator should pay more attention to practical operations and 
checking the equipment. 
• In case the exothermic reaction occurred because the molten metal 
penetrated to react with the chemically bonded sand in the filtration 
system, potassium fluoroborate (an inhibitor) should be increased to be 
2% of the sand weight. 
• In case the exothermic reaction occurred because the molten metal 
reacted with the rust on the steel rod of the steel wool in the filtration 
system, that rust should be cleaned by an appropriate method before the 
filtration system is assembled. 
Due to the fire accident that happened in this experiment, further 
experiments were halted until the safety regulations and safe work 
practices for magnesium alloy casting were established. Also the 
relevant equipment, damaged in the accident, were examined and a 
period of time taken to repair them. The safety committee met to 
discuss this issue. 
The main conclusions were implemented as follows:-
1. A fire extinguisher especially for a magnesium alloy fire was 
purchased from a commercial company for controlling the fire. 
2. Cobalt Chloride chemical powder was purchased for addition to the 
coating mixture (SMC pink coating + water + the inhibitor). It helped to 
assure the dryness of a coated pattern. 
3. Safety regulations and checklists were prepared to submit for 
approval and conducting in practice. The procedures in doing the 
experiment were carefully checked with reference to the safety check 
list's details (which was accepted by the members of safety committee). 
4. The safety sign was shown at the entrance to exclude other visitors 
from the casting metal lab's area when the experiment was going on, 
especially the critical steps of pouring until finishing the experiment. 
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6.3 The last stage of test bars' casting 
6.3.1 Problems and Solutions 
After the damaged equipment had been repaired, the preliminary 
experiment was conducted by counter gravity pouring with Argon gas 
to pressurise Mg ZREl alloy molten metal through the filtration system 
into the prepared mould. The safety regulations and safe work practices 
were applied. The cut EPS pattern from a foam sheet was assembled 
with hot melt adhesive and dipped into the coating mixture then dried at 
room temperature. The filling pressure was tested firstly at 275.7904 
millibars (4 Ibf/in2) while the pouring temperature was 800°C. 
Two problems were encountered. The first problem was that the casting 
did not fill completely due to too low a filling pressure. The second 
problem was the lack of a flat surface between the steel covered plate 
and the gasket at the seal which resulted in loss of the filling pressure by 
leakage of the Argon gas. 
The next experiment was set up. The solution adopted involved cleaning 
the upper surface of the gasket with chemical agents and the peripheral 
area of the cover plate underneath with chemical agents and shot 
blasting to clear the solid lumps of the mixture (graphite powder and 
linseed oil). The filling pressure was increased to 551.5808 millibars (8 
Ibf/in2) while the pouring temperature was still 800°C. 
The resultant casting filled at the part adjacent to the ingate and runners. 
The top part of the pattern was hollow because the heat from the molten 
metal destroyed only the central part of the foam pattern. The problem 
was the leakage of Argon. The seal was still ineffective. 
It is believed that the pouring temperature, including the heat capacity 
of the molten metal, produced a big gap of gas and polymeric liquid to 
occur between the molten metal front and the foam pattern. This was 
based on the observation of the external surface of the hollow part 
mentioned. 
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The problems in the experiment were related to the process parameters 
of the experiment which prevented effective control of the filling 
pressure and pouring temperature. The details were as follows:-
I. The leakage at the seal is the main cause of the pressure drop. The 
setting pressure was 55l.5808 millibars (8 Ibf/in2 ) while the 
experimental pressure dropped to 310.2642 millibars (4.5 Ibf/in2). 
2. There were leakages at the inlet joint of the connection from the 
Argon gas cylinder to the counter gravity furnace. 
3. The molten metal filling temperature was too low because the cover 
plate of the counter gravity furnace was opened for painting the 
graphite & linseed oil mixture to prevent the leakage causing the heat in 
the counter gravity furnace to be lost to the open-air area very rapidly. 
The maximum temperature from the recorded chart of the 
thermocouple at the ingate was about 650°C. 
New experimental practices were introduced for the next experiment. 
The counter gravity furnace was switched on in the evening of the day 
before the experiment. This was expected to provide sufficient time to 
heat the furnace to the required temperature. 
The compaction of the unbonded sand mould in the mould tank was 
done on the wood table which was placed on the vibration unit of the 
EPC process machine. The mould tank was compacted each side for 
twenty seconds. Additional unbonded sand was poured into the mould 
tank to compensate for the sinking of the sand under vibration. This 
assured that there was uniformity throughout the mould with a 
sufficient compaction strength. Also the adequate thickness of 
compacted sand above the pattern would help to prevent the molten 
metal from flowing out when the pressure was used in filling. 
The casting in this experiment did not fill. The problems were as 
follows. The leakage of the seal at the cover plate still happened despite 
the mixture of graphite powder and linseed oil used. Also the filling 
pressure in the experiment dropped down to only 241.3166 millibars 
(3.5 Ibf/in2). From analysis it was concluded that the boiler gasket'S 
material, which was used as the seal, lost its mechanical properties's due 
to high temperature used in the experiments. 
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The experiment was repeated with the same conditions of filling 
pressure 551.5808 millibars (8 Ibf/in2) and pouring temperature at 
800°e. The sealing material was changed to silicone rubber. The casting 
did not fill because the clamps at the cover plate were not locked 
properly. So the leakage occurred at the cover plate when Argon gas 
was used to pressurise the molten metal at the level of 8 Ibf/in2. In 
addition the delay in pouring time caused the automatic cut-off to stop 
the pressurisation. This is a safety feature of the equipment. 
The correct pouring temperature was important. The following 
procedures were carefully done to assure it. The steel crucible was 
carried from the electrical resistance furnace after grain refinement had 
been done. Then it was put into the counter gravity furnace. The molten 
metal was heated further in the counter gravity furnace. The required 
temperature before pouring was determined by the temperature reading 
on the digital meter. This temperature was monitored by the 
thermocouple attached to the cover plate and inserted in the molten 
metal. 
The experiments were continued as explained in the last stage of test 
bars' casting in EPC counter gravity pouring of the previous chapter 
(chapter 5). During these experiments the joint of thermocouple wires 
in each line was checked. The thermocouple connections were connected 
and linked with the ADU and computer system to investigate the 
solidification of the castings. The problem of getting the data from the 
timer recording, which was linked to trigger and ADU, was investigated 
and resolved as far as possible. Remark: 'ADU' is abbreviated from 
AnaloglDigital Unit. 
6.3.2 Microstructure 
The sample of specimens which represented each group of test bars had 
been selected for fracture and microstructure examination. The samples 
of specimens in each group, which totalled seven samples, were 
1. from sand casting by gravity pouring (one sample). 
2. from EPC process by counter gravity pouring 
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2.1 at filling pressure 689.476 millibars (IQ Ibflin2) and pouring 
° temperature 800 C (one sample). 
2.2 at filling pressure 551.5808 millibars (8 Ibf/in2) and pouring 
temperature 780, 800 and 820°C (one sample in each condition; a total 
of three samples). 
3. The best result of mechanical properties' test from EPC process by 
counter gravity pouring (one sample). 
4. The worst result of mechanical properties' test from sand casting by 
gravity pouring (one sample). 
This was based on the selection of the specimen with its mechanical 
properties' result close to both the mean of its own group and also the 
similar range of mechanical properties' result among different groups. 
Then each sample from the selected specimens was cut at the opposite 
side of the test bar's fracture, mounted and prepared for metallography. 
The methods of mounting and polishing were presented in section 5.2.4. 
6,3.2.1 Sand Casting Gravity Pouring 
The defects in the microstructure of the samples 10 the unetched 
condition were investigated using optical microscopy. 
From the sample representing the gravity sand casting group two kinds 
of defects appeared: voids (porosity) and inclusions. The voids 
(porosity) seemed to appear in more quantity than the inclusions. The 
amount of the defects were moderate compared with the microstructure 
of the sample in the worst tensile strength of this group. Both defects 
appeared in non-uniform and random distribution in the microstructure 
of the sample. 
From the sample which has the worst tensile strength in the gravity sand 
casting group voids(porosity) and inclusions were the defects distributed 
in the microstructure. The defects were distributed densely around the 
circumference of the sample's microstructure while the defects were 
lesser in its centre part. The inclusions seemed to occur at grain 
boundaries whilst the voids, which looked like cracks with an irregular 
shape of line, ran through the microstructure. 
194 
Then the defects in the microstructure of the samples in the etched 
condition were investigated using optical microscopy. The details of 
etching were presented in section 5.2.4. 
The etched condition of the sample helped to locate the defects which 
appeared in either grains or grain boundaries in the microstructure 
while its defects' condition remained the same as the unetched condition. 
From the sample representing the gravity sand casting group voids 
(porosity) appeared inside a grain or between grain boundaries while , 
inclusions appeared at grain boundaries (between grains). From the 
result of the grain size measurement's calculation the range of the grain 
size is from 54.848 to 61.927 micrometres. 
From the sample which has the worst tensile strength in the gravity sand 
casting group voids (porosity) and inclusions appeared in the similar 
way to the previous sample. From the result of the grain size 
measurement's calculation the range of the grain size is from 57.479 to 
63.725 micrometres. 
In the defect investigation of the microstructure of the samples observed 
by Scanning Electron Microscopy (SEM) using spectroscopy analysis it 
appeared that inclusions in the microstructure, which have been 
described in the result and observation, can be either flux inclusion or 
zirconium-rich particles. Flux inclusion, like the chemical compound of 
calcium or chloride, had a small amount distributed in the 
microstructure because the filtration system coupled with counter 
gravity pouring was applied to the melt for which flux melting was 
used. Zirconium-rich particles, which are insoluble zirconium particles 
at the bottom of each melt, had a moderate amount distributed in the 
microstructure. The grain of the microstructure had elements of 
magnesium, zinc and zirconium inside while the grain boundaries in the 
microstructure contained magnesium, zinc, rare earth metal and 
zirconium. Zirconium-rich coring of the grain may be seen in the 
microstructure while the grain boundaries' phase rich in rare-earth 
metals were shown in the microstructure. 
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6.3.2.2 EPC Counter Gravity Pouring 
The defects in the microstructure of the samples In the unetched 
condition were investigated using optical microscopy. 
From the sample representing the EPC counter gravity group, with the 
conditions of filling pressure of 551.5808 millibars (8 Ibf/in2) and 
pouring temperature 780°C, inclusions and voids (porosity) appeared in 
the microstructure of the sample in similar quantities. The distribution 
of the defects was random. 
From the sample representing the EPC counter gravity group, with the 
conditions of filling pressure of 551.5808 millibars (8 Ibf/in2) and 
pouring temperature 800°C, the inclusions were distributed around the 
microstructure while the voids (porosity) seemed to be located in the 
circumferential area of the microstructure. The defects were distributed 
randomly in the structure. The total defects appeared less in amount 
compared with the previous sample. 
From the sample representing the EPC counter gravity group, with the 
conditions of filling pressure of 551.5808 millibars (8 Ibf/in2) and 
pouring temperature 820°C, there were fewer defects than in both 
previous samples. The amount of inclusions seemed to be greater than 
voids (porosity). Both defects were randomly distributed in the 
microstructure. 
From the sample representing the EPC counter gravity group, with the 
conditions of filling pressure of 689.476 millibars (10 Ibf/in2) and 
pouring temperature 800°C, the amount of inclusions seemed greater 
than the amount of voids (porosity). The amount of both defects 
appeared less in comparison with other samples in the EPC counter 
gravity group. Both defects were distributed randomly. 
From the sample which has the best tensile strength in the EPC counter 
gravity group [in the conditions of filling pressure of 689.476 millibars 
(10 Ibflin2) and pouring temperature 800°C] the appearance of the 
defects [inclusions & voids (porosity)] was similar to the previous 
sample in this group. Comparing with the worst tensile strength from 
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the gravity sand casting specimen voids, in the form of cracks, had not 
appeared in the microstructure. 
Then the defects in the microstructure of the samples in the etched 
condition were investigated using optical microscopy. The details of 
etching were presented in section 5.2.4. 
The defect detection in the etched condition of the sample was similar to 
the description presented in the section 6.3.2.1. 
From the sample representing the EPe counter gravity group, with the 
conditions of filling pressure of 551.5808 millibars (8 Ibf/in2) and 
pouring temperature 780oe, voids (porosity) appeared among the grains 
while inclusions appeared among the grains or at grain boundaries. 
From the result of the grain size measurement's calculation the range of 
grain size is from 30.530 to 33.271 micrometres. 
From the sample representing the EPe counter gravity group, with the 
conditions of filling pressure of 551.5808 millibars (8 Ibf/in2) and 
pouring temperature 800oe, voids (porosity) appeared among the grains 
or at grain boundaries while inclusions appeared in the similar way as 
voids. From the result of the grain size measurement's calculation the 
range of grain size is from 35.514 to 39.459 micrometres. 
From the sample representing the EPe counter gravity group, with the 
conditions of filling pressure of 551.5808 millibars (8 Ibf/in2) and 
pouring temperature 820oe, voids (porosity) appeared in the grain or 
among the grains while inclusions appeared among the grains or at the 
grain boundaries. From the result of the grain size measurement's 
calculation the range of grain size is from 38.721 to 42.031 
micro metres. 
From the sample representing the EPe counter gravity group, with the 
conditions of filling pressure of 689.476 millibars (l0 Ibf/in2) and 
pouring temperature 800oe, voids (porosity) appeared among the grains 
while inclusions appeared at the grain boundaries. From the result of 
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the grain size measurement's calculation the range of grain size is from 
36.561 to 38.976 micrometres. 
From the sample which has the best tensile strength in the EPe counter 
gravity group [in the conditions of filling pressure of 689.476 millibars 
(l0 Ibf/in2) and pouring temperature 800°C] the locations of the defects 
[inclusions & voids (porosity)] was similar to the previous sample in this 
group. From the result of the grain size measurement's calculation the 
range of grain size is from 35.669 to 38.888 micrometres. 
The same procedure as the SEM application in the samples of sand 
casting gravity pouring was applied in defect investigation. The same 
result of inclusions, which can be either flux inclusion or zirconium-
rich particles, were apparent in the microstructure of samples of EPe 
counter gravity pouring too. The description of those inclusions was 
similar to the explanation in the previous section 6.3.2.1. 
Remark for 6.3.2 Microstructure:-
a) Figures 6.20 to 6.23 show the grain size under etched condition with 
etchant no. I (nital) in the centre and edge of the selected samples from 
gravity pouring sand casting group and EPe counter gravity pouring 
casting group. The figures were taken with the same magnification of 
lOOx for grain comparison. 
b) Figures 6.24 to 6.29 show the defects, which are gas porosity, Zr-RE 
rich particles and cracks (voids), that appear in the microstructure of 
selected samples in unetched and etched conditions observed by optical 
microscopy. Etchant no. 10 was used to etch the polished sample. 
c) The calculations in the measurement of grain size in the selected 
samples are presented in appendix 1. 
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Table 61 S . ummary 0 fClltdG a cu a e ram S· M Ize easurem 
Sample Range of grain size (micrometres) 
Minimum Maximum 
I 54.848 61.927 
2 36.561 38.976 
3 30.530 33.271 
4 35.514 39.459 
5 38.721 42.031 
6 35.669. 38.888 
7 57.479 63.725 
Fig. 6.2 Ranges of Grain Size in the selected samples 
micrometres 
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Gravity Pouring 
ents 
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3 4 5 2 6 7 
Sample No. 
Remark: 
Sample 1 represents the gravity sand casting group. 
Sample 2 represents the EPC counter gravity group in the conditions of filling 
pressure of 689.476 millibars (IO Ibf/in2) and pouring temperature 800°C. 
Sample 3 represents the EPC counter gravity group in the conditions of filling 
pressure of 551.5808 millibars (8 Ibf/in2) and pouring temperature 780°C. 
Sample 4 representing the EPC counter gravity group in the conditions of filling 
pressure of 551.5808 millibars (8 Ibf/in2) and pouring temperature 800°C. 
Sample 5 represents the EPC counter gravity group in the conditions of filling 
pressure of 551.5808 millibars (8 Ibf/in2) and pouring temperature 820°C. 
Sample 6 represents the best tensile strength in the EPC counter gravity group [in the 
conditions of filling pressure of 689.476 millibars (10 Ibf/in2) and pouring temperature 
800°Cj. 
Sample 7 represents the worst tensile strength in the gravity sand casting group. 
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6.3.3 Tensile Test 
6.3.3.1 Sand Casting Gravity Pouring 
6.3.3.1.1 Tensile properties 
The tensile test was performed according to the procedures described in 
section 5.2.3 Tensile Testing in chapter 5. The values of the mechanical 
properties are presented in the following table:-
Table 6.2 Sand Casting Gravity Pouring test specimens 
(steel wool filtration, flux melting and top pouring 
In a C eIIllC Jy n san mou . h' all bo ded d Id) 
Unit A (MPa) B (kN/mm2) C (MPa) D (%) 
I 88.603 47.413 118.651 3.0 
2 93.790 38.439 123.003 3.0 
3 89.571 39.123 128.179 3.0 
4 90.915 30.819 118.651 2.5 
5 98.837 36.337 121.229 3.0 
6 90.715 37.846 111.472 2.0 
Mean 92.072 38.330 120.198 2.75 
Std. Deviation 3.747 5.362 5.542 00418 
- -
,,~, Key. A Two Percent Proof Stress (MPa), B Modulus of ElastiCIty (kN/mm ) 
C - Ultimate Tensile Strength (MPa); D - % Elongation (%) 
6.3.3.1.2 Fracture 
The broken surface of the test specimen observed was the cross sectional . 
surface perpendicular to the uni-axial tensile force. The fracture 
surfaces had a shiny appearance. The fracture line was an irregular 
circumferential line on each test specimen. The fracture of this material 
suggested a brittle material. The images of the fracture, in the selected 
sample to represent this group, detected by a scanning electron 
microscopy, were photographed on black and white 35 mm film. The 
specimens were examined at high magnification levels of x192.5 and 
x385. Several specimens exhibited gross cracks but no other defects. 
The specimens were also examined at a low magnification of x7.7 to 
provide a record of difference between fracture surfaces for different 
specimens. (See figs. 6.30 to 6.33) 
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6.3.3.2 EPC Counter Gravity Pouring 
6.3.3.2.1 Tensile properties 
These specimens were tested in the same way as those produced by sand 
casting gravity pouring. The values of the mechanical properties in the 
testing are presented in the following tab1es:-
Unit 
1 
2 
3 
4 
5 
6 
Mean 
Table 6.3 EPC Counter Gravity Casting test specimens 
at filling pressure 8 Ibf/in2 and pouring temperature 820°C 
A (MPa) B (kN/mm2) C (MPa) D (%) 
99.721 33.352 155.335 4.5 
93.021 41.001 124.029 4.0 
98.451 34.318 145.167 4.0 
95.119 41.934 145.746 4.0 
96.058 25.514 143.131 4.0 
96.653 31.962 157.252 4.5 
96.504 34.680 145.110 4.2 
Std. Deviation 2.384 6.097 11.838 0.258 
.. 
,1: 
- -Key. A Two Percent Proof Stress (MPa), B Modulus of ElastiCity (kN/mm ) 
C - Ultimate Tensile Strength (MPa); D - % Elongation (%) 
Table 6.4 EPC Counter Gravity Casting test specimens 
at filling pressure 8 Ibf/in2 and pouring temperature 800°C 
Unit A (MPa) B (kN/mm2) C (MPa) D (%) 
1 96.865 51.251 147.604 4.0 
2 91.667 61.367 126.569 2.5 
3 95.328 63.039 141.144 4.0 
4 89.749 53.106 126.569 4.0 
5 97.757 45.824 143.581 4.0 
6 93.406 46.126 128.385 3.0 
Mean 94.129 53.452 135.642 3.6 
Std. Deviation 3.094 7.367 9.526 0.665 
.. 
,L' 
- -Key. A Two Percent Proof Stress (MPa), B Modulus of ElastiCity (kN/mm ) 
C - Ultimate Tensile Strength (MPa); D - % Elongation (%) 
Note: I Ibflin2 equals to 68.9476 millibars. 
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Table 6.5 EPC Counter Gravity Casting test specimens 
at filling pressure 8 Ibf/in2 and pouring temperature 780°C 
Unit A (MPa) B (kN/mm2) C (MPa) D (%) 
1 102.857 50.851 149.085 4.0 
2 90.530 42.025 l33.290 3.0 
3 100.488 40.373 154.184 4.0 
4 92.253 34.944 l30.691 4.0 
5 98.403 53.480 149.142 4.0 
6 89.178 44.589 l30.691 3.0 
Mean 95.618 44.377 141.181 3.7 
Std. Deviation 5.702 6.861 10.745 0.516 
.. 
nZl 
- -Key. A Two Percent Proof Stress (MPa), B Modulus of ElastICIty (kN/mm ) 
C - Ultimate Tensile Strength (MPa); D - % Elongation (%) 
Table 6.6 EPC Counter Gravity Casting test specimens 
at filling pressure 10 Ibf/in2 and pouring temperature 800°C 
Unit A (MPa) B (kN/mm2) C (MPa) D (%) 
1 1Ol.449 46.590 15l.416 4.0 
2 97.118 71.410 142.642 4.0 
3 102.429 43.356 157.437 5.0 
4 98.091 52.897 142.954 5.0 
5 98.635 50.076 149.471 4.0 
6 102.292 40.115 156.071 4.0 
Mean 100.002 50.741 149.999 4.3 
Std. Deviation 2.327 11.108 6.297 0.516 
.. 
,b 
- -Key. A Two Percent Proof Stress (MPa), B Modulus of ElastICIty (kN/mm ) 
C - Ultimate Tensile Strength (MPa); D - % Elongation (%) 
Note: Ilbf/in2 equals to 68.9476 millibars. 
6.3.3.2.2 Fracture 
The appearance of the fracture surfaces was similar to those of the test 
specimens produced by sand casting gravity pouring. A similar 
procedure to that described in section 6.3.3.1.2 was used to examine the 
fracture surfaces. Specimens demonstrated cracks but no other defects. 
(See figs. 6.34 to 6.38) 
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Chapter 6 
Results and Observations 
Part B : Mould Filling Model of Casting Processes 
Analysis of Different Pouring Methods 
6.4 Summary 
Four different pouring methods will be considered. They are : empty 
cavity mould casting with bottom gated gravity pouring and counter 
gravity pouring; and expendable pattern casting with gravity and 
counter gravity pouring. The characteristics of each process will be 
discussed and the different methods of pouring will be compared. 
6.5 An Empty Cavity Mould Pouring Process 
6.5.1 Introduction 
For the calculation of molten metal flow the following assumptions are 
made: they are to be Newtonian fluid and ideal fluid. The first one 
means that the fluid shows its behaviour in direct proportionality to 
force and speed. While the second one means that the fluid is 
incompressible and there is no internal friction or viscosity. 
This part will discuss calculations for an empty cavity mould for both 
gravity pouring, especially the bottom gated method, and counter 
gravity pouring. 
For gravity pouring of closed empty cavity moulds bottom gating, with 
other well designed features (pouring basin, runners and gating system), 
is acceptable to give satisfactory control of molten metal flow. It can 
serve the elements of a good system especially in filling the mould at the 
required speed and the elimination of turbulence. This can avoid the 
problems of melt reactions during pouring which cause defects in the 
castings. [83] 
Counter gravity pouring was developed later to solve the turbulence 
problem. It provides a quality enhancement in the casting process. [36-
39] 
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6.5.2 Gravity Pouring in Bottom Gated Filling 
The calculation for bottom gated pouring [84, 85, 86] 
The symbols in figure 6.3 represent the following:-
I = Time from start of pouring 
h, = Total head 
he = Total height of the mould or casting 
h = Height or level of molten metal in mould 
Ae = Cross sectional area of casting (mould area in horizontal 
h 
t 
plane) 
A. = Cross sectional area of gate 
/pOUring basin 
mould or 
casting 
~ 
dh 
. ser(feeder) 
Ar 
Fig. 6.3 Bottom gated pouring diagram 
h 
h 
c 
h 
r 
The calculation for this method of pouring is based on Bernoulli's 
equation. This can be written as follows:-
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_ ..... '<OV<Ol of fluid 
h 
Fig. 6.4 Bernoulli's equation diagram 
From figure 6.4 the equation is 
where 
V2 p V 2 P ~ +_, +_, =~ +_2_+_2 
2g W, 2g w2 
h = The potential energy 
V2 Th k' . 
- = emetIc energy 
2g 
v= Velocity 
g = The acceleration due to gravity 
p 
- = The pressure energy 
w 
p= Pressure 
w = Density of fluid 
The potential energy h is usually taken as zero at the point of efflux, but 
p is always taken as the actual pressure. For the tank shown in this 
figure, assuming no frictional losses, energies at points 1 and 2 can be 
calculated as follows:-
P V2 P ~ +0+-' =0+_2 +_2 
w, 2g W 2 
and since P, = P2 and w, = w2; then v2 = ..J2g~ 
Now the bottom gated pouring in figure 6.3 will be considered 
agalO. 
As the time dt increases, the height of the molten metal will 
increase as dh. The volume of molten metal, A,dh , will also increase. 
So the amount of molten metal which flowed through the gate during 
the time dt will be A. vdt, where Ag and v are the area and instantaneous 
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velocity at the gate. The velocity at the gate is expressed aS~2g(h, - h), as 
derived from Bernoulli's equation. 
The increase in the volume of molten metal in the mould cavity in 
the time dt is equal to the flow of molten metal through the ingate in the 
same interval. This can be equated to the increase in the metal level dh 
by the equation: Aedh = AB~2g(h, - h)dt and ~ dh AB dt. 
2g(h, - h) Ae 
When the height and the time required to fill the cavity of the 
mould are assumed to be he and te respectively, the following result of 
integration from t = 0 to t = te and from h = 0 to h = he appears to be:-
1 h, dh A " 
-J =-LJdt 
..,f2i 0 ~h, -h Ae 0 
te(casting) = 2~ (..jh, - ~h, - he) 
AB 2g 
In the similar way 
(,(riser) 2~(..jh, -~h, -h,) 
AB 2g 
t(total_time) = te + t, 
The filling time of a casting can be calculated as shown above. 
6.5.3 Counter Gravity Pouring 
The calculation of counter gravity 
F. 
I 
pouring 
- -
, '" ladle in a furnace 
A 
I 
d 
o 
Fig. 6.5 counter gravity pouring in the furnace part 
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h=h 
c 
h=h 
o 
, 
t--------I-- dh 
T 
Ao 
Fig. 6.6 counter gravity pouring in the mould 
The assumptions for bottom gated pouring are : the molten metal flow 
is incompressible and frictionless. So there is no loss of energy. 
The abbreviations in the symbols represented in figures 6.5 and 
6.6 are shown as follows:-
subscript i means input 
subscript 0 means output 
{ = time passed from start of pouring 
h = height or level of molten metal in mould 
AD = cross sectional area of a filling tube or gate area to the 
mould (casting) 
Ac = cross sectional area of casting (mould area in horizontal 
plane) 
Fi = force pressurised on the circular surface of the molten metal 
in a ladle heated in a furnace 
Ai = The surface of the molten metal's area which was pressurised 
by the force Fi 
Fa = force on the cross sectional area of molten metal which was 
filled through the filling tube or gate area into the mould. 
d" = the increment of the molten metal's level along the filling 
tube 
d = the decrease of the molten metal's level in the ladle , 
dh = the increment of the molten metal flow into the mould 
v" = filling velocity of molten metal's flow entering the mould 
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P = the pressure (for example:- Pi is the pressure from the 
pressurised gas which acts on the molten metal's surface in the ladle). 
V = volume of molten metal 
Based on the hydraulic principles the pressurised gas acts on the molten 
metal's surface in the ladle in the furnace with the input pressure (P,). 
The output pressure (Po) will occur at the cross sectional area of the 
filling tube (Ao). The equations are shown as follows:-
Pi = Po 
Fi = Fo _________ formula 1 
Ai Ao 
:. F, = PA ; Fo = p,A" 
Then V = d d = d A 
,I"j 0 0 
:. Ao = di Ai ------formula 2 do 
From both formula A; = Fi = do 
A 0 Fo di 
Work done is Fidi = Fodo 
Then the volume of the casting will be increased by the filling volume 
of molten metal flow through the cross sectional area of filling tube as a 
gate area. The equations are shown as follows:-
where 
he le 
A,Jdh=AovoJdt 
o 0 
A,h, = Ao vot, 
t = A,h, 
C Aovo 
t, = time of filling the casting 
A" = cross sectional area of filling tube or gate area 
VD = velocity (speed) of filling 
A, = cross sectional area of casting 
h, = total height of casting 
The filling time for the casting can be calculated as shown above. 
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6.6 Expendable Pattern Casting Process (EPC process) 
6.6.1 Introduction 
Recent research has given a clearer understanding about mechanisms in 
this casting process and factors that affect the process although there are 
still many points that the articles pointed out that require further 
studies. All of the research was concerned with gravity pouring. In this 
report the mechanisms of the process and factors that affect the process 
will be introduced. Other issues like polymeric material, fluidity and 
mould filling will also be discussed. The important features of this 
process will be summarised in the conclusions. 
6.6.2 Mechanisms of EPC process 
Different materials behave differently during the pattern elimination 
stage. The mechanisms are determined by the type of molten metal and 
the polymeric pattern material. [87,88,91,93] 
For example, when using expandable polystyrene (EPS) for aluminium 
casting production the bead structure collapses as the pattern melts. The 
liquid degradation products can be either pushed along by the molten 
metal flow front or flow to the mould wall and pass through the pattern 
coating into the surrounding sand. The gaseous degradation products 
appear as bubbles in the liquid polymer at the molten metal flow front. 
The liquid degradation products in the sand degrade by absorbing heat 
from the molten metal. They withdraw heat from the interface between 
the molten metal and mould to do this. 
For cast iron pattern degradation happens when the bead structure 
collapses during the melting of the pattern. The melting happens quickly 
producing more gaseous degradation products which create a gap 
between the molten metal flow front and the pattern surface. These 
gaseous products then flow freely through the surrounding sand and 
penetrate deeply into the mould. 
The alternative pattern material PMMA (polymethylmethacrylate) 
produces more gaseous degradation products than EPS (expandable 
polystyrene). [91] 
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By considering the pouring of various materials three filling 
mechanisms have been identified as follows:- [94] 
l. Wetting and Wicking Control (WWC) This happens in pouring a low 
melting point metal like zinc. Most degradation products are liquid 
which fill the gap between the front of molten metal flow and the solid 
polymeric pattern material. Wetting and wicking of these products on 
and/or through the coating should be the major consideration. So the 
properties of the coating are an important influence. 
2. Back Pressure Control (BPC) This happens when pouring at high 
temperatures is combined with a low permeability coating on the 
pattern. The back pressure exerted on the molten metal is an important 
consideration. A large gap between the undegraded polymeric pattern 
material and the advancing molten metal front is associated with this 
mechanism because gaseous degradation products have occupied this gap 
inside the mould cavity. 
3. Foam Degradation Control (FDC) This happens when pouring at high 
temperatures is combined with a high permeability coating on the 
pattern. Mould filling is controlled by the degradation of the polymeric 
pattern material. Only a small gap between the solid polymeric pattern 
material and the molten metal front was observed. 
These mechanisms help to explain the effects of pouring temperature 
and coating permeability on mould filling behaviour. The development 
of a decomposition gap at the interface between the solid polymeric 
pattern material and the front of molten metal is clearly explained. 
6.6.3 Factors affecting the EPC Process 
The significant factors which affect the mechanisms of this casting 
process are: [87, 88, 91, 94, 96, 97, 98, 99] 
l. Polymeric pattern material 
2. Coating permeability 
3. Pouring temperature 
4. Coating thickness or number of coating layers 
5. Metallostatic head 
6. Volume-to-surface area ratio of the casting or perimeter of the 
casting 
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Each particular type of polymeric material produces different 
degradation products and different amounts of liquid and gaseous phases 
when a molten metal flow is poured into the pattern cavity of this 
casting process. The gaseous degradation products depend on both the 
polymeric pattern material and pouring temperature. The pouring 
temperature is dependent upon the melting point of the metal. [88] 
The main function of the pattern coating is to prevent molten metal 
penetration and reaction with the mould material. It also supports the 
transfer of the pattern degradation products away from the mould 
cavity. The permeability and insulation characteristics of the coating 
influence the fluidity and velocity of the molten metal during mould 
filling. A high permeability coating is preferable because it promotes a 
smooth filling and constant molten metal flow. [88] 
Both good permeability and good thermal insulation are required 
characteristics for an ideal coating. The balance between these 
characteristics of the coating can help to reduce the heat loss in molten 
metal flow and improve fluidity in producing thin-section castings 
successfully. The composition and microstructure of the coating 
determine its permeability. Optical microscopy has revealed that high 
and low permeability coatings are different in their structures. High 
permeability coatings are composed of coarse powders and demonstrate 
laminar voids between each layer of coating. Low permeability coatings 
are composed of very fine, non uniform and irregularly-shaped 
powders with few voids. The voids in high permeability coatings are 
formed by the shrinkage within the agglomerate. As the coating 
thickness (or the number of coating layers) increases, the permeability 
of the coating decreases. Although coating permeability is reduced, 
according to a thicker coating, fluidity may improve because of the 
reduction of heat loss from the molten metal flow. The elimination of 
decomposition products from the EPC process is an important 
consideration in the choice of coating. Coating permeability controls the 
escape of gaseous products while both coating material composition and 
permeability influence the manner and rate of removal of liquid 
products. [88, 95] 
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Pouring temperature influences the type of decomposition products, 
liquid or gaseous form, generated from the expandable polystyrene 
pattern (EPS). Most decomposition products of EPS are liquid at the 
pouring temperature of 740 to 7800 e used for aluminium. However, at 
higher pouring temperatures for aluminium and especially those for cast 
iron a larger amount of gaseous decomposition products appear. [88] 
High pouring temperatures promote high molten metal fluidity but the 
effect of superheat is different in the EPe process from that in an empty 
mould cavity casting process. This is because the pattern decomposition 
products, and their escape, mainly control the filling behaviour of 
molten metal in the EPe process. [87,88] 
Metallostatic pressure head and coating permeability play an important 
role in eliminating the decomposition products of the polymeric pattern 
material. High metallostatic head promotes a high pressure of molten 
metal flow in filling. This develops a 'greater pressure push on the 
gaseous decomposition products promoting their escape through the 
coating into the sand mould. The rate of the solid polystyrene pattern's 
decomposition is increased. Generally the increase of metallostatic head 
under gravity pouring is achieved by increasing the sprue height. This 
method may not be of benefit in the EPe process because of the 
decomposition of polymeric pattern material. A hollow sprue is 
suggested to overcome the problem of the resistance from the 
decomposition of the polymeric pattern material of the non-hollow 
sprue. This will maintain the required metallostatic head under gravity 
pouring. Also a hollow sprue reduces pouring temperature loss along 
the sprue because of the reduction in the volume of decomposed 
polymeric pattern material. [88] 
The fluidity of molten metal relates to the pattern geometry. The 
capacity of the coating to eliminate the decomposition products depends 
on the perimeter (or the surface area) because these products, especially 
the gaseous products, escape through the gap at the interface of the 
pattern, molten metal and coating. So the molten metal flow front 
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moves forward to fill the space previously occupied by the gas 
decomposition products. This is about mass transfer. For heat transfer 
both the amount of heat which must be removed and the removal rate of 
the heat during the molten metal flow into the pattern cavity is 
influenced by the pattern geometry especially volume-to-surface area 
ratio. The fluidity of molten metal flow is affected by the heat loss of 
the molten metal during pouring and prior to solidification. [87] 
6.6.4 Polymeric pattern material concern in EPC process 
The polymeric pattern material and its processing are critical features 
of the process. Castings produced with the same polymer from the same 
manufacturer may exhibit differences of flow rates, solidification 
characteristics and defects. This highlights the influence of processing 
and, in particular, the bead characteristics. [92] 
The number of beads per unit volume increases with pattern density 
while average bead size is inverse with pattern density. 
A large variation in the bead structure may appear within a pattern. 
This variation depends on the location of a pattern cut from a block of a 
polymeric sheet. In an injected pattern it may depend on the pattern 
shape and the location of fill points. The bead structure can be either 
compacted tightly or loosely packed with voids between the beads. The 
degree of fusion between the beads is affected significantly by the 
prepuff temperature and time. The prepuff temperature seems to exert 
more influence than the prepuff time. The filling time increases with 
polymer density because the amount of degraded polymeric mass per 
unit volume that has to be displaced increases. So prepuff temperature 
may determine the degree of fusion which affects pattern density. 
Prepuff time and the amount of pentane used for the pre-expansion do 
not influence the molten metal flow. [92] 
There is a strong recommendation from research observations that 
control be exercised over the molecular weight distribution (MWD) of 
polystyrene resin. This factor improves the bead fusion and the surface 
quality of the pattern including the form of decomposition products 
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generated during pouring. These decomposition products are important 
for the impact of this process on the environment. [90] 
6.6.5 Fluidity, Mould Filling and Gating system 
The fluidity during mould filling depends on a complex relationship 
between pouring temperature, the decomposition mechanism of the 
polymeric pattern material, and the passage of the decomposition 
products through the refractory coating. For example: for expandable 
polystyrene (EPS) pattern the fluidity in aluminium alloys differs from 
that in cast iron. [87,88,89,91] 
The nature of the decomposition products controls the velocity of the 
molten metal flow front. The velocity of the front increases with 
increasing pouring temperature when decomposition products are 
primarily liquid. However, the velocity is reduced when the pouring 
temperature increase produces primarily gaseous decomposition 
products. [88] 
The gate area has less effect on the filling velocity and filling height if 
the flow rate of molten metal from the supply is more than the recession 
rate of either pattern decomposition or the elimination of the 
decomposition products. Neither the rate of formation of decomposition 
products or the elimination rate of decomposition products is affected 
by the influence of gate size. [87] Top, bottom or side gating system 
(using a hollow down sprue) can be used to achieve a relatively uniform 
filling pattern. [89] 
6.6.6 Conclusion 
The successful application of the expendable pattern casting process is 
dependent upon the complicated relationships between the molten 
metal's pouring temperature, the polymeric pattern material, the 
decomposition mechanisms and products and the characteristics of the 
refractory coating. The important factors have been reviewed. The 
control of mould filling is essential to the optimisation of the process 
and the production of quality castings. 
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6.6.7 Counter gravity pouring in EPC process 
Analysis of Phenomena in the experimental work 
The experimental work in this analysis was based on the results for 
counter gravity pouring of magnesium alloy ZREI by the expendable 
pattern casting process. It is understood in the casting process, especially 
pouring in an air cavity mould, that control of the molten metal's flow 
is very important to the production of castings in terms of both quality 
and quantity. In terms of quality this means an acceptably sound casting 
with fewer defects and satisfactory mechanical properties. In terms of 
quantity this means the production yield has a high ratio of good 
products compared with rejected or scrap ones. 
Within the limitations of experimental work the distances between each 
trigger probe and the time which the molten metal took to pass through 
each trigger probe can be measured and recorded. The cooling rate 
during solidification can also be recorded. This shows the pattern of 
solidification curve through thermocouples which were plugged into the 
foam pattern. The number of channels for triggers and thermocouples 
used was fifteen and seven maximum respectively due to the capability 
of the instruments. Fourteen triggers and seven thermocouples were 
used respectively in the experimental work. The conclusion was drawn 
from the raw data of the results which were distances between each 
trigger's probe, the times at which the molten metal passed the trigger 
probes, and the solidification curves of test bar castings. 
The control of the molten metal's flow is one of the crucial 
characteristics in this casting process. Any representations which can be 
interpreted from the results to explain the phenomena of this process in 
the experimental work would provide a better understanding of its 
mechanisms. 
The mechanics of fluids is expected to be a useful tool to help in 
analysing the results. In the principles of fluid flow there are three main 
equations which concern conservation of mass, conservation of energy 
and conservation of momentum. The analysis was concentrated on one-
dimensional flow justification. The assumptions in fluid mechanics 
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which were applied in this analysis were that the molten metal was an 
incompressible fluid and Newtonian fluid. This method simplified the 
problem so that it was possible to explain it taking into consideration 
restrictions in the assumption. 
Before mechanics of fluids can be applied, a question that must be asked 
is how appropriate it is to use the fluid flow of water to represent the 
flow of molten magnesium alloy? 
Two references can be mentioned to support this. The first one is from 
"The Running and Gating of Sand Castings" by Ruddle [100]. The main 
properties of magnesium in the liquid state are similar to water although 
their surface tensions are different as shown in the following tables. 
Full-scale water models of gating systems can give accurate 
reproductions of steady-state flow conditions for both aluminium and 
magnesium. The density of metal should not affect the flow but it affects 
mould erosion due to the applied forces and its inertia. 
Table 6.7 
The main properties of liquid metals and water 
Liquid 
Water 
Aluminium 
Magnesium 
Liquid 
Density 
(glee) 
1.00 
2.37 
1.54 
Water 
Aluminium 
Aluminium & Oxide Film 
Magnesium 
Dynamic 
Viscosity 
(centipoises) 
1.00 
3.00 
1.20 
Surface Tension 
(dynes/cm) 
74 
520 
840 
563 
Kinematic Tempe-
Viscosity rature 
( centistokes) (deg C) 
1.00 
1.27 
0.80 
20 
700 
680 
Temperature 
(deg C) 
18 
750 
700 
681 
Remark: In general surface tension values should be related to the atmosphere in which 
they are measured. 
The second one is from "Comparison of measured and simulated fluid 
flow in low pressure die casting" by Ohnaka, I; and his team [lO 1]. 
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Observations were used to investigate the different surface tensions of 
water, mercury and molten aluminium (99.7% AI). The result showed 
that without considering melt surface tension fluid flow can be 
simulated under mould filling conditions. However, for complicated 
castings it may be important to consider especially thin branches. This 
has been explained by Professor Campbell concerning surface-tension 
controlled filling [102]. 
Therefore at this point mechanics of fluids with water based theories 
can be applied with magnesium alloy's molten metal without any 
confusion or doubt. 
In the experimental casting [figure 6.7 J the pouring was done by the 
counter gravity method with an expendable pattern casting process. The 
molten metal flowed through the feeding tube then passed the filtration 
unit and came to the ground and trigger probe. This would connect the 
timer circuit to start counting the time taken for the molten metal to 
pass each trigger's position. 
At each position of the triggers the time would have stopped to 
represent the correct time of the molten metal's passage. The first 
trigger was plugged into the end of the ingate before entering the tee 
junction, which is a triangular joint (one inlet with three outlets in 
square cross section) as shown in figure 6.9 The following triggers 
were plugged into the middle of the runner of each branch (A, Band C) 
through its cross section before entering each test bar's casting (as 
shown in figure 6.7 ). Then the rest of the triggers were plugged into 
each cylindrical feeder in the middle of the longitudinal section along its 
cross section. The colour of each trigger line represented the number 
and position in each runner's branch. One thermocouple was plugged 
into the middle of the tee junction from the top to check the molten 
metal's entrance temperature specially and the rest of the thermocouples 
were plugged into each feeder from the top to check the solidification 
temperature. As a precaution the ground & trigger probe were made 
into a cross (X) sign to prevent the problem of molten metal passing 
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only to one side and bypassing the probe. This problem would cause 
failure in recording the time. 
The distances between trigger probes were measured manually on both 
sides then the average lengths were calculated for the final results. From 
the result of these measured distances and recorded times the average 
velocity could be found through the principle of motion. The formula 
for speed calculation is displacement divided by time. The speed at each 
position of the trigger probes is shown in Table 6.8. 
The mechanics of fluid based on the conservation of mass is considered 
first. Under this principle mass along the flow path should be a constant. 
In the case of incompressible flow the mass of fluid within the control 
volume must remain fixed. Therefore the change of mass within this 
control volume becomes zero. Then mass flow equals density of fluid 
multiplied by volume of fluid per unit time or flow rate. 
The continuity equation [105-109] is 
Q (inlet) = Q (outlet) 
while 
AiVi = AoVo 
Q = mass flow 
A = cross sectional area of a plane perpendicular to the 
direction of flow 
V = velocity of the flow 
Vi = velocity of the inlet flow 
V 0 = velocity of the outlet flow 
Ai = inlet area of the flow 
Ao = outlet area of the flow 
For the experimental casting the molten metal flow channels to the 
casting are shown in figure 6.9. The channels were divided into four 
sections:-
section one Entrance to ingate 
section two Ingate to triangular joint 
section three - Ingate to triangular joint then to runners 
section four - Runner to castings (test bars) 
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The calculation for each section [figure 6.10 J under the continuity 
equation (principle of conservation of mass) should assume that the wall 
friction loss is not influenced in the calculation, which can be 
eliminated. 
Section One 
where 
VI = KentVO 
KcAJVI = A2V2 
Kent = a factor at the entrance 
Kc = a factor according to contraction of the area 
Vo = the starting velocity 
V I = the velocity at the entrance 
A I = the area at the entrance 
V2 = the velocity at the ingate 
A2 = the area at the ingate 
Section Two 
where 
KLA2V2 = A3V3 
KL = a factor according to enlargement of the area 
V3 = the velocity at the outlet at the triangular joint 
A3 = area at the outlet at the triangular joint 
Section Three 
Q3=Q4 
Q3 = IQ4 
Q3 = Q4a+Q4b+Q4c 
KtA3V3 = A4V4a+A4V4b+A4V4c 
V4a=N4b""V4c 
where Kt is a factor according to the change of flow due to 
configuration and direction. 
Each velocity(V 4a, V 4b, V 4c) should be considered to be equal because 
the cross sectional areas are similar. 
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Section Four 
The formula is based on that for a rectangular runner channel [IQ3]. It 
is modified for use on the tapered runner used for the experimental 
casting. 
A. V. = AsVs + A,Y6 
V. = (As )(vs) + (~ )(V6 ) A. A. 
V. =(As)(V6p+f3 )+(~)(V6) 
A. I+a A. 
where 
a=i4 +1 
_ 2",2 -I 
f3 - 1- k 2 
I 
a = a = head loss between station A4 and gate A6 (refer tofigure 6.10) 
f3 = b = head loss between station A4 and gate AS (refer to figure 6.10 ) 
kl, k2 are dependent upon the ratio of the gate to runner cross sectional 
area [104]. 
Calculation 
Section One and Two 
As shown in figure 6.11 the trigger wires of ingate (1) and the ground 
& trigger were attached to the section between the entrance part and 
triangular joint. The calculations in sections one and two were ignored 
in comparing the theoretical calculations with the results from the 
experimental work. This was because of the restricted areas where 
probes (triggers) could be attached to provide recordings using the 
timer circuit, the number of recording channels which were available 
and the starting point of the ingate trigger. 
Section Three 
Section three is the important part to check in the calculation. 
V3, the inlet velocity as shown infigure 6.12 , was calculated from the 
distance of the ingate part divided by the recorded time between the 
ground and the ingate trigger. 
V3 = (3010.017) = 1764.70 mm/sec 
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V 4a, V 4b, and V 4c are the outlet velocity on each branch of runner A, 
B, and C at the position 2, 6 and 10 sequentially. Their calculation 
appears in Table 6.8 and figure 6.12 . 
KtA3V3 = A4V4a+A4V4b+A4V4c 
Kt(18xI8)(1764.70) = (36x36)[781.69+577.92+825.00] 
Kt(571,762.8) = 2,831,254.56 
Kt = 4.952 
Kt is the factor according to the change of flow due to configuration 
and direction. The inlet flow is different from the outlet flow by nearly 
5 times. 
Kt is called here an empirical "loss coefficient" factor. Also it is a ratio 
of outlet mass flow against inlet mass flow. 
Section Four 
The calculation is calculated directly from 
A. V. = A,V, + A,; V6 
V. = (A,)(V,)+(A,;)(V6) A. A4 
A4, A5, and A6 are the perpendicular areas (planes) of the ingate and 
runner respectively to the entrance flow V 4 as shown in figure 6.12 . 
They were used as the calculation areas. Because the trigger probes 
were plugged into these areas and the amount of molten metal flow was 
controlled. 
Referring to figures 6.12 and 6.7 with Table 6.8, branch A was 
considered in calculation. 
V 4 is the inlet velocity (the speed from position 1 to 2 of the triggers) 
V5 is the outlet velocity (the speed from position 2 to 4 of the triggers) 
V 6 is the outlet velocity (the speed from position 3 to 5 of the triggers) 
KLA4V4 = A5V5+A6V6 
KLC 18x 18)(781.69) = (30x36)(30. 76)+(22x36)(37 .402) 
KL(253,257.56) = 62,843.184 
KL = 0.248 
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KL (same as Kt) is also called an empirical "loss coefficient" factor. The 
inlet flow is different from the outlet flow by about 4 times. Also KL is 
a ratio of outlet mass flow against inlet mass flow. 
An alternative procedure of calculation is presented as follows: 
A. V. = As Vs + A. V6 
As (A. I V = (-)( V ) + -)( V ) ---------------case 
• A s A 6 
• • 
V. = (As )(V6t + f3 )+ (A. )(V6)-m-----case 11 A. I+a A. 
a = ki -I ------ formula (a) 
2k2 -I 
f3 =' ------ formula (b) l-k2 ,
where a = a = head loss between station A4 and gate A6 (L gate) 
f3 = b = head loss between station A4 and gate A5 (T gate) 
As the result of this calculation it appeared that 
A A k-I<. = -I<. ; the curves for T gate and L gate 
A A 
The values were read from the chart (as shown in figure 6.12 
(Calculation) in section four). 
kl(0.370) = 0.243 
kl(b) = 0.6567; kl for formula (b) in finding b 
k2(0.505) = 00400 
k2(a) = 0.792 ; k2 for formula (a) in finding a 
a = -0.3727 (from formula (a» 
b = -0.2418 (from formula (b» 
Q2=t+ f3 =0.9095 
Q, I+a 
This approach is representative of the actual gating arrangement. 
For practice V 4 (the velocity in experimental work) equals to 781.69 
mm/sec (refer to Table 6.8). 
Case I based on experimental data 
By the formula of V. =(As)(Vs)+(A.)(V6) A. A. 
As = (30x36)/(18xI8) = 3.333 
A. 
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Vs = 30.76 mm/sec 
As (Vs) = 102.5333 
A. 
~ = (22x36)/(l8x18) = 2.444 
A. 
V. = 37.402 mm/sec 
~ (V.) = 91.4271 
A. 
All terms of value were substituted in the formula then 
V4 = 193.9604 mm/sec 
Compared with V 4 in experimental work the different time is factor 
about 4.03. 
Case 11 based on the theoretical calculation 
By the formula of V. =(AS)(V.p+fJ )+(~)(V.) 
A. l+a A. 
As = (30x36)/(l8x18) = 3.333 
A. 
V. = 37.402 mm/sec 
Q2 =~l+fJ = 0.9095 
Q, l+a 
~ = (22x36)/(l8x18) = 2.444 
A. 
V. = 37.402 mm/sec 
All terms of value were substituted in the formula then 
V4 = 204.7895 mm/sec 
Compared with V 4 in experimental work the different time is factor 
about 3.82. 
Remark:- The theoretical formula which is based on a rectangular 
straight channel should differ from the experimental one which is 
tapered. Also different casting processes are involved. 
223 
The other two equations [105-109] can be described below:-
Conservation of Energy 
where 
p V2 P V2 
_, +_' +h. =_0 +_0 +h 
(j) 2g , (j) 2g 0 
subscript i means inlet area 
subscript 0 means outlet area 
!... = Pressure head (Pressure per unit weight of fluid) 
(j) 
V2 = the velocity head at that point (kinetic energy) 
2g 
h = Potential head (static energy) 
The equation represents the energies per unit weight of fluid at inlet and 
outlet areas in a flow system. 
Conservation of Momentum 
From Newton's second law force is directly proportional to the rate of 
change of momentum (F = d(mv)/dt) 
while 
F= force; 
m = mass; v = velocity; d-fdt = differentiation with the time t 
momentum entering = pdQdtvi 
momentum leaving = pdQ.dtvo 
L F = pdQ( Vo - v,) at any time dt 
L F = summation of forces 
p = density of fluid 
dQ = mass flow or flow rate 
Vi = the inlet velocity 
Vo = the outlet velocity 
dt = the considered period of time 
Both equations concern pressure and force. Force comes from the 
multiplied product of pressure and the considered cross sectional area. 
Unfortunately the result of pressure was not recorded during the 
experimental work. Also pressure which occurred in the process 
happened in a transient period and at a high temperature which created 
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a difficulty in detection. So neither of them can be used to give more 
details of the phenomenon because of the limited data. 
A similar method can be applied to other branches (B and C) of the 
experimental casting. 
Conclusion 
In section three the inlet mass flow (Q3) was less than the outlet mass 
flow (Q4). The value of K was about 4.952. This means that the inlet 
mass flow should equal the outlet mass flow resisting the decomposition 
products' mass flow [ Q3 = Q4 + (-Q decomp»). This can be recognised 
from the result of the calculation of the speed of the outlet speed (V 4a, 
V4b, V4c) which was dramatically slower than the inlet speed (V3). So 
the phenomenon appears to be caused by the degradation mechanism in 
which decomposition products, especially in gaseous form, delay or 
resist the molten metal's flow. 
In section four the inlet mass flow (Q4) was greater than the outlet mass 
flow (Q5+Q6). The K value dropped to 0.248. This means that the 
outlet mass flow should equal the inlet mass flow resisting the 
decomposition products' mass flow [ Q5+Q6 = Q4 + (-Qdecomp»). The 
inlet mass flow may have been greater than the outlet mass flow because 
of the tapered shape of the runner. The tapered shape may have reduced 
the amount of decomposition products especially in gaseous form along 
the length of the runner. This can maintain the speed of molten metal 
flow sufficiently to pour the casting completely. 
The phenomenon described can be understood' by reference to the 
explanation in the relevant references [93,94]. 
This is an important point in this casting's gating design because a 
complete casting could not be achieved under the gating design (T gate 
and L gate) with a conventional shape of rectangular runner. It is 
understood that the decomposition products created an excessive amount 
of gas which resisted the molten metal's flow. 
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The control of the amount of decomposition products, especially in 
gaseous form, should be considered in the design of the gating system. 
This should give a benefit for controlling the speed of the molten 
metal's flow in pouring each section of the gating system until the 
casting is completely poured. 
K ("loss coefficient" factor) - as this report mentioned - may become an 
indicator to help in the calculation to modify the gating system into a 
practical design for the expendable pattern casting (EPC) process. 
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Table 6.8 
The calculation of speed in various sections of the experimental casting 
from the experimental work on Wednesday 26 July, 1995 
distance distance time velocity speed 
from .. to .. (mm) (sec) (mmfsec) 
branch A 10+45.5 0.088-0.017 
1->2 = 55.5 = 0.071 781.69 
branch B 10+34.5 0.094-0.017 
1->6 = 44.5 = 0.077 577.92 
branch C 10+39.5 0.077-0.017 
1->10 = 49.5 = 0.060 825.00 
branch A (180+ 185)/2 6.021-0.088 
2->4 = 182.5 = 5.933 30.760 
branch A (184+ 188)/2 6.060-1.087 
3->5 = 186 = 4.973 37.402 
branch B (183+ 185)/2 6.049-0.094 
6->8 = 184 = 5.955 30.898 
branch B (178+ 181)/2 6.060-1.059 
7->9 = 179.5 = 5.001 35.893 
branch C (193+194)/2 6.065-0.077 
10->12 = 193.5 = 5.988 32.315 
branch C (181 + 185)/2 6.027-1.054 
11->13 = 183 = 4.973 36.799 
branch A 10+[(88+91)/2] 1.087-0.017 
1->3 = 99.5 =1.070 92.991 
branch B 10+[(88+90)/2] 1.059-0.017 
1->7 = 99 = 1.042 95.010 
branch C 10+[(86+90)/2] 1.054-0.017 
1->11 = 98 = 1.037 94.503 
Remark: 
The position numbers here refer to the position of triggers which can be seen in 
figure 6.7. 
The measured distances here refer to the distances between the triggers in figure 6.8. 
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Table 6.9 
The recorded time that the molten metal passed through each trigger 
in the particular positions of the experimental casting. 
position of 
trigger 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
II 
12 
13 
Remark: 
times 
(sec) 
0.017 
0.088 
1.087 
6.021 
6.060 
0.094 
1.059 
6.049 
6.060 
0.077 
1.054 
6.065 
6.027 
position on 
Ingate 
Branch A 
Branch A 
Branch A 
Branch A 
Branch B 
Branch B 
Branch B 
Branch B 
Branch C 
Branch C 
Branch C 
Branch C 
The positions of triggers are shown in figure 6.7 while 
the measured distances between the triggers can be seen in figure 6.8. 
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Figure 6.7 Diagram showing the experimental casting configuration 
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Figure 6.8 Diagram showing the distances between the triggers 
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Figure 6.9 Diagram to consider the flow 
through each part of the gating system 
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Figure 6.10 Diagram showing the losses which occur 
under the continuity equation in sections 1, 2, 3 and 4 
231 
D-O=: 
-------::!:J.J- ingate (I) 
-+T+-- Ground & 
Trigger 
I 
Positions of each particular trigger 
Figure 6.11 Diagram showing positions of 
ingate and ground & trigger wire 
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Figure 6.12 Diagrams supporting explanation 
of the calculations for sections 3 and 4 
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Section Four (cont.) 
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Figure 6.12 Diagrams supporting explanation 
of the calculations for sections 3 and 4 (cont.) 
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Photographs for Chapter 6 
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Fig, 6,13 Black spots; lOOx magnification (optical microscopy) 
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Fig, 6,14 Black spots; 400x magnification (optical microscopy) 
The photos showing the black spots which appeared in the microstructure of the 
polished sample (unetched condition) cut from the centre part of the casting during the 
casting trial experience. This was observed through optical microscopy. In the final 
conclusion black spots are gas porosity, which were confirmed through the observation 
by scanning electron microscopy. 
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Fig. 6.15 The casting produced in Stage 7 (l3th experiment; Oct. 6, 1994) 
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Fig. 6.16 The casting produced in Stage 8 (l4th experiment; Nov. 18, 1994) 
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Fig. 6.17 The casting produced in Stage 9 (15th experiment; Dec. 1, 1994) 
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Fig. 6.18 The casting produced in Stage 10 (16th experiment; Dec. 7, 1994) 
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Fig. 6.19 The casting produced in the accident of Stage 11 
(17th experiment; Dec. 14, 1994) from counter gravity pouring 
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Fig. 6.20 at the centre of the selected etched sample. 
Fig. 6.21 at the edge of the selected etched sample. 
The photos (Figs. 6.20 & 6.21) showing the grain size under etched condition with 
etchant no. 1 (nital) in the selected samples from Gravity Pouring Sand Casting group 
observed through optical rnicroscopy. The photos were taken with the same 
magnification of lOOx. 
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Fig. 6.22 at the centre of the selected etched sample. 
Fig. 6.23 at the edge of the selected etched sample. 
The photos (Figs. 6.22 & 6.23) showing the grain size under etched condition with 
etchant no. 1 (rutal) in the selected samples from EPC Counter Gravity Pouring Casting 
group observed through optical microscopy. The photos were taken with the same 
magnification of lOOx. 
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Fig. 6.24 gas porosity in the unetched sample horn 
EPC counter gravity pouring casting group; SOx magnification (optical microscopy) 
Fig. 6.25 gas porosity in the etched sample (with Etchant no.lO) horn 
EPC counter gravity pouring casting group; SOx magnification (optical microscopy) 
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• • 
Fig. 6.26 Zr-RE rich particles in the unetched sample from 
I 
EPC counter gravity pouring casting group; 200x magnification (optical microscopy) 
Fig. 6.27 Zr-RE rich particles in the etched sample (with Etchant no. 10) from 
EPC counter gravity pouring casting group; 200x magnification (optical microscopy) 
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Fig. 6.28 cracks (voids) in the unetched sample from the worst microstructure of 
gravity pouring sand casting group; lOOx magnification (optical microscopy) 
Fig. 6.29 cracks (voids) in the etched sample (with Etchant no, 10) 
from the worst microstructure of gravity pouring sand casting group; 
lOOx magnification (optical microscopy) 
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Fig. 6.30 Fracture of the tensile specimen from Gravity pouring sand casting group; 
385x magnification (scanning electron rnicroscopy) 
Fig. 6.31 Fracture of the tensile specimen from Gravity pouring sand casting group; 
192.5x magnification (scanning electron rnicroscopy) 
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Fig. 6.32 Fracture of the tensile specimen from Gravity pouring sand casting group; 
7.7x magnification (scanning electron microscopy) 
Fig. 6.33 Cracks appear at grain boundaries 
of the tensile specimen from Gravity pouring sand casting group; 
155x magnification (scanning electron microscopy) 
247 
Fig. 6.34 Fracture of the tensile specimen from 
EPC counter gravity casting pouring group; 
385x magnification (scanning electron microscopy) 
Fig. 6.35 Fracture of the tensile specimen from 
EPC counter gravity casting pouring group; 
192.5x magnification (scanning electron microscopy) 
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Fig. 6.36 Fracture of the tensile specimen 
from EPC counter gravity pouring casting group; 
7.7x magnification (scanning electron microscopy) 
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Fig. 6.37 Zr-Zn-RE rich particle found in checking fracture analysis 
from EPC counter gravity pouring casting group; 
230x magnification (scanning electron microscopy) 
Fig. 6.38 Chloride flux inclusion found in checking fracture analysis 
from EPC counter gravity pouring casting group; 
250x magnifLcation (scanning electron microscopy) 
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Chapter 7 
Discussion 
7.1 Introduction 
There are two parts presented in this chapter. The first part is a 
discussion of the experimental work on the casting process while the 
second part is a discussion of the limitation of the suggested mould 
filling model of the casting process. 
In the first part there are two factors concerning pouring of 
magnesium base alloy ZREI castings by the EPC process. The first 
factor is the quality of the melt. The purity of the melt determines its 
quality and is essential in producing good casting mechanical properties. 
Flux and fluxless melting are discussed in general in relation to the 
purity of the melt, see section 7.2. The second factor is process control. 
This concerns both mould filling and the characteristics of the process. 
For the former the distinctions between different mould fillings are 
described in sections 6.5 and 6.6 with respect to the mould filling model 
of the casting process. The latter deals with the reactions between the 
melt and the pattern material. The process parameters affecting these 
reactions are discussed in both of the following sections. In section 7.3 
the practical experiments are discussed and in section 7.4 the results of 
the research are discussed. 
In the second part of the chapter the mould filling· models 
proposed in the fourth chapter are discussed in relation to the limitation 
of their application, see section 7.5. 
Part A : Experimental Work on the Casting Process 
7.2 Comparison between Flux and Fluxless Melting 
Aux melting used a chemical to prevent the oxidation of the magnesium 
alloy by the atmosphere. Each composition of magnesium alloy requires 
a particular kind of flux. It is important to select the correct flux for 
that composition of magnesium alloy. Aux melting is more economical 
than fluxless melting, which is the major advantage. The flux is in a 
chemical crystalline powder form which is hygroscopic 1• It should be 
stored in a warm and dry condition. An air-tight container lid must be 
1 adj. (of a substance) tending to absorb moisture from air 
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firmly replaced after use to prevent moisture-pick up, which can impair 
the flux performance. Other drawbacks are described as follows. The 
appropriate amount of flux used in the melting should be carefully 
controlled because flux is a chemical which contaminates the melt and 
can cause the problem of a defect like flux inclusion in the 
microstructure of a casting. Flux can erode the refractory of a furnace 
so the flux cover should be cautiously applied. Flux can irritate skin and 
tissue. Protection against inhalation and contact must be applied. Fluxes 
have an expiry date in the same way as other chemicals. Safety 
precautions must be exercise during flux handling. 
Fluxless melting involves the use of a protective gas mixture of 98% 
C02 and 2% SF6 to prevent the oxidation of magnesium alloy by the 
atmosphere. The protective gases can be used for various compositions 
of magnesium alloy. The cost of the gases is expensive for laboratory 
research. The major advantage is the improved quality of the melt 
which is free from the problems of flux contamination. Sufficient 
protective gases should be supplied during melting to avoid impairment 
through dilution because of ventilation or spreading. A spare supply 
source of protective gas is essential to prevent shortage during the 
casting process. Most commercial foundries use fluxless melting to 
ensure customer satisfaction with casting quality. 
The purity of melt affects the microstructure and mechanical properties 
of the casting apart from the casting process's design and system. From 
the above it can be seen that fluxless melting can provide a purity of 
melt significantly better than flux melting. In the experiments most of 
the melts used the flux melting method. A filtration system was 
introduced to prevent and reduce contaminants in melting from entering 
the mould during pouring. This helped to assure a satisfactory result in 
this issue. If fluxless melting is used instead of flux melting, pouring by 
counter gravity method can eliminate the need for a filtration system in 
the casting process's system. Filling pressure can be reduced to a lower 
level than that used in the experimental research. Also the problem of 
the contaminants blocking the steel wool in the filtration system, which 
causes a bottleneck and leads to an increase in filling pressure, can be 
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eliminated. It is expected that the safety issue of filling pressure's use 
and control can be handled effectively during pouring. 
7.3 Discussion of practical experiments during the trial 
casting experience 
7.3.1 Gravity Pouring Method 
Establishing correct melting procedures were the objectives of the first 
and second experiments. The reason was that the correct microstructure 
should appear from correct procedures. Their results provided good 
lessons for learning about this material's characteristics, especially 
melting. The correct microstructure was not observed because the 
molten metal reacted with the uncoated foam pattern and the sand 
mould. Consequently, a large amount of Mg2Si appeared in the 
microstructure. The mistake of coating the steel crucible and other tools 
was prevented in further experiments. This may have been the cause of 
inclusions and porosity in the castings' structure while the gas from 
degradation of the foam pattern is believed to have caused the 
blowholes. 
Maintaining a steady melt temperature after grain refinement is 
essential to ensure the occurrence of zirconium's crystallisation in this 
material. This was based on the result that the specimen etched with 
nital did not appear to contain any zirconium particles. 
The cut specimens from the central part of the casting were 
representative of the casting's microstructure. The specimens reflect not 
only the amount of the defects in quantity but also the type of defects. 
Because of the previous unsuccessful experiments [1st & 2nd] the third 
experiment was effectively a repeat of these experiments. 
The flux melting method was used instead of fluxless melting 
because the protective gas is expensive. 
The correct grains and grain boundaries of this material's 
microstructure were observed. This meant that the melting process was 
correct. 
Castings produced from patterns in the uncoated condition 
showed a lot of defects. The presence of a coated layer of inhibitor 
resulted in fewer defects (porosity and inclusions) in the specimens. The 
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reduced number of defects was noted for the coated condition too. The 
coating condition helped to prevent the reaction between molten metal 
and mould. The inhibitor can help in supporting the coating in the 
prevention of magnesium alloy's melt/mould reaction. The condition of 
a coating containing the inhibitor was required for protecting a pattern 
in the process. 
Grain size of the microstructure was dependent upon the cooling 
rate in solidification and was not influenced by the presence of the 
coating on the pattern. It was not affected by the change of coating 
substance. The feeder design took into account the design of the 
unpressurised gating system and its contribution to feeding. The system 
designed was satisfactory in preventing the problem of shrinkage. 
The chemical composition of the melt was analysed to check that 
it was within specification. This helped to assure the charge material 
composition and the melting procedures to give the correct 
microstructure. 
The purpose of the fourth experiment was to determine the effect of 
different filling methods in the conventional EPC process, especially top 
and bottom gating under gravity pouring. Also the influence of vacuum 
assistance was observed. 
A specimen from the bottom gated and vacuum assisted casting 
appeared to have the best microstructure among all in this experiment. 
Bottom gated pouring with unpressurised system gives a smooth flow to 
molten metal entering the mould cavity thus avoiding turbulence, while 
vacuum assistance seemed to extract the gas produced from the EPS 
pattern's degradation. However, inclusions and microporosity were 
distributed in the microstructure throughout the castings. Solidification 
of the molten metal was affected by the turbulence arising from the gas 
produced by pattern degradation, which is a different factor from that 
encountered during filling of the mould cavity. The level of vacuum 
assistance seemed not to extract the gas from the degradation at a 
sufficiently fast rate. The method of controlling molten metal filling 
using vacuum assistance should be studied carefully. 
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The chemical composition of the melt was also analysed again to 
check that it was within specification. This confirmation was important 
for the proper procedure in further meltings without this analysis. 
Two percent of potassium fluoroborate inhibitor, mixed with the 
commercial coating, is sufficient to prevent metaVmould reaction and is 
similar to that used in the sand casting process for this material. 
The fifth experiment's purpose was to re-examine the objectives of the 
fourth experiment. In the previous experiment vacuum assistance gave a 
benefit to the appearance of a casting. So the level of vacuum assistance 
was increased to find out its effect on the microstructure of the castings. 
Also the effect of pattern orientation was investigated. 
A dark layer on the outside surface of each of the castings is a 
phenomenon associated with the conventional EPe process. It appeared 
in the previous experiment and this one. 
Attention must be paid to the method of protecting the molten 
metal during both melting and pouring to prevent oxidation in the 
casting. The technique of protection needs to be considered because an 
efficient method is required. The sufficient amount of protective gas or 
flux cover on the top of the melt before pouring should prevent the 
oxidation during pouring into the mould. The fractures at the ingate of 
the casting could be used for diagnosing this problem. This was checked 
by breaking the partly cut ingate to look at its fracture's appearance. 
Pattern orientation appeared to have no effect on the 
microstructures because similar microstructures were observed apart 
from the presence of defects. It is understood that the nature of grains 
and grain boundaries in the microstructure mainly depends on the 
melting procedures. The combination of pattern orientation and the 
ingate positions affects the degradation of a foam pattern which in turn 
influences the surface finish of a casting. This can be seen from the 
problem of escaped gas from the degradation causing blowholes on the 
surface of a casting. 
The level of vacuum assistance may have two effects. One is 
extracting the gas in degradation to improve the apparent permeability 
of the coating and mould, which is an advantage. Another is the 
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possibility of creating turbulent mixing of gas and molten metal in the 
mould cavity, which is a disadvantage. 
Inclusions and microporosity were the main defects in the 
microstructure. 
The sixth experiment aimed to establish the relationship between 
different filling methods and casting section thickness using the 
conventional EPC process under gravity pouring. 
Grains and grain boundaries appeared in the microstructure of 
the polished specimens. The grain size in the thinner section was smaller 
than the thicker one for a similar condition of filling. This meant that 
the cooling rate in solidification was faster in the thinner section which 
gave smaller grains in the microstructure. So the cooling rate in 
solidification should be one of the factors to control the grain size in the 
microstructure. 
Inclusions were distributed in these microstructures. This suggests 
that there might be some reactions between molten metal and the pattern 
decomposition products arising from this casting process. 
The flow-line defect caused by entrapped gas from pattern 
degradation was supported by the previous discussion in the former 
experiment. It is the combination of pattern orientation and the in gate 
position which influences the surface finish of a casting. The appearance 
of entrapped gases, blowholes on the castings' surface and a flow-line 
defect confirms this. 
A sufficient level of vacuum assistance is important. It is assumed 
to help remove gases produced by pattern decomposition. Otherwise the 
permeability of the unbonded sand mould and pattern coating are also 
important variables for investigation. The level of vacuum assistance in 
the experiment seemed not to provide filling of thin sections. Pouring 
temperature may be a factor affecting fluidity of the molten metal and 
the filling of thin sections. The amount of gas degradation products in 
this process could not be released at a sufficiently fast rate through the 
surrounding area which caused the problems of filling too. All 
mentioned topics should be justified including metallostatic head in 
filling the thin sections. 
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7.3.2 Counter Gravity Pouring Method 
The seventh experiment involved changing the method of pouring from 
gravity to counter gravity. The tendency for unsatisfactory 
microstructures to be produced in castings produced by conventional 
gravity pouring was the reason for the change. Counter gravity pouring 
has shown that it improves a casting's structure in various materials in 
an empty mould casting process. Different pattern orientations were 
used in this experiment for comparison. 
The dark layer appeared on these castings, as it did in gravity pouring. 
The pattern orientation appeared to affect the escaped gases' direction 
upon pattern degradation during pouring because a lap occurred on the 
vertically oriented casting but did not occur on the horizontally oriented 
one. 
Grains and grain boundaries were observed in the microstructure of 
specimens together with distributed inclusions. This was similar to the 
previous experiments. A new feature in the microstructure was the 
presence of a number of black spots which could not be explained at that 
moment. 
Argon gas was used as a protective gas instead of the gas mixture of 2% 
SF6 and 98% C02 because it is cheaper. 
The eighth experiment used counter gravity pouring in the same way as 
the seventh experiment. The vacuum assistance was applied without any 
filling pressure. Triggers and thennocouples were put into the patterns 
for measuring the flow of molten metal in pouring and the solidification 
curve. Defects appeared in the specimens like those seen in the previous 
experiment. There were inclusions, microporosity, blowholes and black 
spots distributed in the microstructure. 
The ninth experiment also used counter gravity pouring in the same way 
as the seventh and eighth experiment. Both filling pressure and vacuum 
assistance were applied. Triggers and thennocouples were also put into 
the pattern for the purposes explained in the previous experiment. 
Similar defects appeared in the specimens as were observed in the 
previous experiment. 
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The tenth experiment repeated the methods of the ninth experiment. 
Low density EPS patterns, produced by cutting a foam sheet, were used 
instead. The distinguishable result was that fewer black spots appeared 
in the microstructure although inclusions and microporosity were still 
present. The dark layer at outside surfaces of the castings was reduced 
in comparison with the castings produced in the ninth experiment. 
It was difficult to confirm that the pattern from low density beads is 
better than one from high density beads because the types of bead 
material in the foam patterns were different manufacturers' products. 
Triggers and thermocouples were also put into the patterns for the 
previously explained purposes. The tensile strengths of the specimens' 
test bars were observed. 
From the mechanical properties' testing two Hounsfield's test bars no. 
16 in the as-cast condition were used for tensile testing. The tensile test 
used the constant load method in testing. The result showed that the 
ultimate strength was about 90 to 109 MPa while the elongation was 
about 2 to 4%. From the data in Magnesium Design Handbook by Busk, 
RSa magnesium alloy EZ33A sand casting with temper T5 which was 
tested by strain rate control at room temperature should give a typical 
elongation about 3% (2% min), tensile yield strength 105 MPa (95 MPa 
min) and tensile strength 160 MPa (140 MPa min). 
The eleventh experiment repeated the methods of the tenth experiment. 
However, the gating ratio in this experiment was increased to I :4:4. It 
was expected that the filling speed of the molten metal could be 
decreased and turbulence reduced. High density and low density EPS 
patterns were used. 
Triggers and thermocouples were placed into the patterns. New 
procedures for polishing of the castings' specimens were introduced on 
the advice of the Buehler company. 
The dark layer was observed on the outer surfaces of the castings. 
Inclusions and microporosity remained in the microstructure, the 
amount of each defect varied according to the density and type of bead 
material. The occurrence of black spots seemed possibly to come from 
the gas which is the product of pattern degradation because microscopic 
examination revealed them to be hollow. 
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It is difficult to compare the microstructures of those castings produced 
in a high density pattern [bead density 32 grams/litre] with those 
produced using a low density pattern [bead density 23-24 grams/litrel 
(from the same kind of bead material) by considering the defects which 
occurred. The specimens from the castings which used a low density 
pattern seemed to have many gas bubbles (black spots) distributed in 
their microstructures and less of the other kinds of defect such as 
inclusions. The specimen from the casting which used a high density 
pattern seemed to have more inclusions, which appeared to be localised. 
The gas bubbles in its microstructure appeared smaller than those in the 
formerly mentioned specimen. 
The twelfth experiment used lower density patterns (19.5-20 
grams/litre) produced by injection moulding from the same kind of 
bead material as the patterns in the eleventh experiment. The 
experimental procedures were similar to those of the eleventh 
experiment. The microstructure revealed microporosity and blowholes. 
The outside appearance of the castings looked fine although the dark 
layer had occurred. 
Turbulence can be reduced in pouring by the control of filling pressure. 
The filling rate of the molten metal is directly related to the filling 
pressure of pouring. The degradation of the EPS pattern affects the 
filling rate. It is also affected by the permeability of the pattern coating 
and compacted unbonded sand in the mould. The selection of a suitable 
filling pressure should be related to the degradation of the EPS pattern. 
This will allow the products of its degradation a period of time to 
escape through the coating into the mould material at a proper rate and 
quantity. 
In the thirteenth experiment the problems of non-fully filled test bars 
were suspected to be due to the fact that the filling pressure was not 
enough to push the molten metal up to the fully-filled level. 
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In the fourteenth experiment the problems of non-fully filled test bars 
still existed. The factors which can affect mould filling are listed 
below:-
1. Filtration system - the steel wool, which was used as a filter, may 
have reduced the speed of the molten metal. 
2. Pattern density - the various pattern densities used in the assembly 
may have given different amounts of decomposition gases which 
affected the flow of molten metal during filling. 
3. Velocity of the molten metal - a constant velocity of the molten metal 
is required to prevent turbulence during filling. 
4. Magnesium alloy's viscositylfluidity - Its fluidity is poor due to high 
viscosity. 
5. The range of holding temperature after grain refinement - it should 
be controlled. 
6. The level of filling pressure used should be sufficient to push the 
molten metal up to the top level of the casting. 
7. The thickness of coating on the pattern and its effect on permeability 
- a thin coating should give good permeability. However, a thin coating 
may promote a faster solidification rate leading to premature 
solidification of the casting. 
Two factors were considered to exert significant influence, the pressure 
level and polystyrene volume. 
In the fifteenth experiment the castings looked fine although a little bit 
of bending was observed on some castings. A longer length of trigger 
probe's wire might be helpful and the software setting should be 
assured. 
In the sixteenth experiment the loss of filling pressure in the inner test 
bars occurred because leakage of molten metal occurred at the joint 
between the mould and the steel cover plate. The reason was that they 
did not stand properly because the dry mixture of graphite powder and 
oil from the previous experiment on the covered surface of the counter 
gravity furnace was not cleaned adequately to make it flat before the 
new mixture was applied in this experiment. 
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The bending of the outer test bars may be a function of the 
vibration/compaction of the sand mould. The stability of the sand mould 
on the vibrator may be an essential consideration. The unbonded sand 
must flow in a symmetrical way in order to give forces in equilibrium 
around the pattern. This should stabilise the pattern assembly during 
pouring. 
However, the rigidity of the pattern structure was of concern because 
each test bar's pattern was independent and could move laterally during 
the vibration sequence. 
From the recording, the temperatures at the ingates were higher than 
those in other positions in the casting. The feeders' temperatures were 
greatest when the casting was full. Then each feeder's temperature 
dropped in a similar manner suggesting that castings produced from 
different density test bar patterns had a similar solidification rate. The 
speeds between trigger positions could be calculated. 
The proposed solution to problems in the counter gravity pounng 
method had been shown in the section 6.2.2.2. 
In the seventeenth experiment the compaction of sand in the mould was 
of concern. The sand at the top part of the mould may require a longer 
time of vibration to provide full compaction. The flat plate may absorb 
some vibration thus reducing the level of sand compaction in the mould 
related to the distance measured from the vibrating source. It is 
expected that fully compacted sand of sufficient thickness in the top part 
of the mould can prevent the molten metal from penetrating the sand 
and flowing to the top surface of the mould. 
From the thermocouples' record the cooling time for this experiment 
was longer compared with the previous experiment (December 7, 
1994). 
The thermocouples' record in this experiment showed the following:-
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After the mould was filled an exothermic reaction raised the recorded 
temperature at the ingate firstly then at the runners. While the 
temperature at the ingate was cooled down, the reaction in some runners 
still continued. One runner had a fluctuation of the reaction 
. 0 0 0 
temperature. The temperature climbed up from 785 to 900 then 988 
and steady at above I 100°C. After that it dropped down to 960°, 900° 
and 860° then repeated the climb-up step again before it cooled down. 
The exothennic reaction took about 1.5 minutes. 
The temperature from the reaction made the coating surrounding the 
ingate and runners bum to a black colour. The heat from the reaction 
also affected the molten metal that lay on the top of the mould causing it 
to bum to a black colour through the hollow test bars. The test bars 
which solidified firstly in the middle part were not influenced directly 
from the burning heat. 
Generally filled test bars would gradually cool down and solidify. This 
could be noticed because the temperature at the feeder would fall at a 
rate depending on the cooling rate. 
It is believed that the exothennic reaction may have been caused by the 
increase in filling pressure level. Molten metal may have penetrated the 
coating then broken through to enter the sand mould causing the 
reaction. The high temperature of the counter gravity furnace may have 
accelerated that reaction. The heat from burning made the solidification 
time of the casting take longer. 
Another possibility is that the molten metal may have penetrated the 
steel wool in the filtration system, (which comprises of a fibre sleeve 
tube attached on each side of a steel wool filter inside a chemically 
bonded sand mould) when the filling pressure was increased. The 
molten metal may have reacted with the chemically bonded sand mould 
which might have been improperly mixed and this caused the 
exothermic reaction in the ingate and runners respectively. The 
improper mixing might have occurred because potassium fluoroborate 
(an inhibitor) was used at only a level of 1 % of the sand weight. 
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The last possibility is that a reaction between molten metal and scale 
may have occurred causing a strong exothermic reaction and very high 
local temperatures. The chemical equations are shown below. 
4Mg + Fe304 = 4MgO + 3Fe L1 H298 = -308.0 kcal 
Mg + FeO = MgO + Fe L1 H298 = - 80.5 kcal 
(refer to page 83 of "Emley; Principles of Magnesium Technology") 
The molten metal may have reacted with the rust present on the steel 
rod which is part of the steel wool filter pad in the filtration system. 
The above mentioned reaction could have occurred and caused the high 
local temperature on the thermocouple records. 
7.4 Discussion of the research results 
7 .4.1 Gravity Pouring Method 
During the period of trial casting experience the castings from 
EPC gravity pouring were produced. The step bars were produced in a 
similar way. However, the quality of their microstructures was 
unsatisfactory due to the appearance of defects. Also misruns occurred 
in some step bars and some castings had an imperfect surface finish. The 
quantity and location of the defects in the microstructure may have 
different deleterious effects on the mechanical properties of the castings. 
The defects can be divided into two groups which are inclusions and gas 
porosity. Inclusions, which have been diagnosed, were either flux 
inclusions or zirconium-rich particles. Flux inclusions, which may be 
the chemical compound of calcium or chloride, were found because the 
experiments used the flux melting method. They can be filtered through 
a filtration system like steel wool to prevent them from entering the 
mould. Zirconium-rich particles have been found because the melt 
might be poured from the bottom of the melt in a crucible which 
contained these insoluble particles. They can be prevented by using only 
metal from the middle part of the melt inside the crucible for pouring. 
It is understood that both flux inclusions and zirconium-rich particles 
arose from flux melting which the previously mentioned methods can 
treat to give an improved purity of the melt in pouring. However, 
fluxless melting should be a good solution to overcome these problems. 
Gas pores, which were distributed randomly in the 
microstructure as black spots, were the main defects that have a 
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significant impact on the quality of the casting microstuctures. The 
reduction of the gas porosity defects should be an important purpose. 
The ·qualified microstructure coupled with acceptable mechanical 
properties should arise from this attainment. It is understood that gas 
porosity arises from the pattern degradation during pouring. The 
phenomenon of the gas porosity defect may be explained as follows. 
Those bubbles of gaseous degradation products arising from pattern 
degradation cannot escape to the surrounding area of the mould in the 
sufficient amount, where they may release into the atmosphere, before 
the melt changes from liquid to be solid. So the gas bubbles were 
trapped inside the structure of the casting as the defect. 
Gravity pouring has a disadvantage due to poor control of the 
mould filling speed. [83, 110] Counter gravity pouring was selected for 
the research. 
7.4.2 Counter Gravity Pouring Method 
During the period of trial casting experience the castings and the test 
bars for EPC counter gravity pouring were produced using similar 
pattern, coating and mould materials. The microstructure of the 
investigated samples showed two main defects, which were inclusions 
and gas porosity, as observed in gravity poured casting. Inclusions, 
which are either flux inclusions or zirconium-rich particles, can be 
described in the same way as those observed in gravity poured castings. 
The gas porosity which occurred in the counter gravity pouring method 
can also be explained in a similar way to that given in the gravity 
pouring method. The prevention of inclusions can be practised to 
improve the purity of the melt, as described in the discussion of gravity 
pouring. The problem of gas porosity in the microstructure was the 
major problem to solve. The pattern degradation in the EPC process 
was understood to be the main cause of the porosity shown in the form 
of black spots distributed in the microstructure. 
There are two issues to consider in the improvement of the cast 
microstructure. The first issue is the characteristics of the pattern 
material. The pattern degradation products from the EPC process arise 
as the result of reactions between the melt and the polymeric pattern, 
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which was embedded in an unbonded sand mould, after the casting 
material was melted and poured at the certain temperature. Low density 
bead EPS patterns produce less gas porosity defects in the 
microstructure. It is understood that the reduction in polymeric 
material, from the low bead density of EPS pattern, reduces the amount 
of pattern degradation products in the process. 
The second issue is the condition of process parameters which 
control the sequence of degradation and elimination of the pattern 
degradation products. Their influence can reduce the pattern 
degradation products present in the microstructure of the casting. They 
may help pattern degradation products to escape from the casting before 
solidification thus reducing the entrapment of these products. 
The different pattern orientations coupled with bottom gating in 
counter gravity pouring were applied under various process parameter 
conditions, especially a positive filling pressure and vacuum assistance. 
Three conditions of pouring were applied: positive filling pressure only; 
vacuum filling only; and positive filling pressure coupled with a low 
level of vacuum assistance. Argon gas was used in the experiments as an 
acceptable pressurised gas cover for the melt during pouring instead of 
the gas mixture of 98% C02 and 2% SF6. 
In those experiments the casting produced from a low bead 
density pattern (bead density was about 19 gramsnitre), a gating ratio 
1:4:4 and a positive pressure displacement filling of about 137.8952 
millibars (2 Ibflin2) produced the most satisfactory result. Less defects 
appeared in the microstructure. Vacuum assistance and a steel wool 
filtration system were not used. 
The final stage of the experimental research was intended to 
produce test bars with acceptable mechanical properties under this 
process and to compare them with conventional sand castings. The 
experiments concentrated on two main process parameters which were a 
positive filling pressure and pouring temperature. Magnesium alloys 
have a low heat capacity which impairs fluidity. The low heat capacity 
of a given volume of magnesium alloys is naturally influenced by its 
low specific gravity. Only about 70% of the heat content of molten 
aluminium is present in molten magnesium for a given volume at a 
given temperature. [Ill] An adequate pouring temperature is essential 
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to promote flowability of the melt, overcome its fluidity problem and 
provide a sufficient amount of heat to decompose the pattern. The 
results showed that a high pouring temperature gave better 
microstructure and tensile strength but the range of pouring 
temperatures is limited if an acceptable microstructure is to be obtained. 
The positive filling pressure, by pressurised argon gas, was used 
to control the filling rate during counter gravity pouring. Magnesium 
alloys have lorig freezing range solidification characteristics. [112] 
Directional solidification and steep temperature gradients in feeding are 
essential in promoting the soundness of the casting. A metal chill can be 
used to steepen the temperature gradients during the freezing of castings 
in long freezing range alloys. [113]The higher level of the positive 
filling pressure used produced better microstructures and, in turn, 
mechanical properties. There is an evidence of a chilling or 
undercooling effect at the metal front that affects grain size and dendrite 
arm spacing of aluminium. [114] The decomposition of the pattern in 
the EPC process produced a chilling effect which assists feeding in 
support of the positive filling pressure. The level Of the positive filling 
pressure should be controlled. It must not exceed the compression 
strength of the unbonded sand mould. Excessively high filling pressure 
in combination with a build up of pressure from pattern degradation 
products can explosively eject the melt from the top of the mould. The 
escaping molten metal can ignite surrounding flammable materials. 
Careful control of the appropriate process parameters can support 
the release of a large amount of pattern degradation products into the 
surrounding areas before the metal solidifies. The gaseous products can 
escape from the gap between the melt front and the solid pattern 
through the coating into the mould and then to the atmosphere. The 
liquid products of pattern degradation can be absorbed by the coating 
and the surrounding unbonded sand in the mould. The absorption ability 
and permeability of coating on the pattern and unbonded sand in the 
mould influence the elimination of these liquid pattern degradation 
products. Due to limited experimental opportunities, the importance of 
pattern coating and mould permeability were not investigated. These 
properties were maintained at a constant level for the experiments. 
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A comparison of the results for both pouring methods can be seen 
in the next section. 
The mechanical properties of either a casting or test bars can be 
affected directly by the quality of the melt entering the mould. For the 
final stage of the experiments to produce test bars a steel wool filtration 
system was introduced to improve the purity of the metal produced by 
flux melting. Flux inclusions and zirconium-rich particles were reduced 
in the microstructure of the selected samples from these experiments. 
7.4.3 The comparison of gravity pouring and counter gravity 
pouring methods 
The fundamental values of mechanical properties, which are uniaxial 
tensile strength, modulus of elasticity and percentage of elongation, 
were used as the indicators in comparing the quality of casting 
microstructures from both pouring methods. The mechanical properties 
were tested at room temperature based on free-running crosshead speed 
according to British Standard (BS4A4) and American Standard (ASTM 
B557M-84). The present universal testing machine of the department 
has a limited configuration to perform tensile tests using strain rate 
control due to its design. The tensile tests were performed using speed 
rate control, based on ASTM B557M-84 in the topic of free-running 
crosshead speed, by calculating and converting the details from the 
strain rate control based on BS4A4. The details were presented in 
section 5.2.3 on tensile testing. 
Castings produced by the EPC gravity pouring method were not suitable 
for testing because the microstructures were unacceptable due to the 
presence of a large number of defects. The test bars produced from 
sand casting gravity pouring and EPC counter gravity were considered 
suitable for examination by microstructure and tensile testing. 
The sample from sand casting gravity pouring revealed a range of grain 
size that was between 0.055 mm and 0.060 mm. The microstructures 
revealed porosity. Also cracks at grain boundaries, which were detected 
under optical microscopy, and cracks in fractures, which were detected 
under scanning electron microscopy, appeared in the sample which has 
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the worst tensile strength of the sand casting gravity pouring group. The 
large grain size and the mentioned defects in the microstructure are the 
main causes of the deterioration in the mechanical properties of the sand 
casting gravity pouring group. 
The samples from EPC counter gravity pouring demonstrated a range 
of grain size that was between 0.030 mm and 0.042 mm. The 
microstructures have porosity and inclusions, which are flux inclusions 
or zirconium-rich particles, similar to the microstructures of sand 
casting gravity pouring. However, the cracks did not exist in the 
microstructures of this group. The finer grain sizes have a significant 
impact on the mechanical properties of this group which demonstrates 
better results than sand casting gravity pouring group even though 
similar defects appeared in their microstructures. 
A comparison of tensile test properties is presented in the following 
table:-
Table 7.1 T est s !)eClmens 'e ompanson 
Unit A (MPa) B (kN/mm2) C (MPa) D (%) 
1 Busk EZ33A 95-105 N/A 140-160 2-3 
2 MEL ZREl 85-95 44.1 120-140 2-3 
3 EPC 10 Ibf/in2 100.002 50.741 149.999 4.3 
4 EPC 8 Ibf/in2 95.417 44.170 140.644 3.8 
5 Gravity Cast 92.072 38.330 120.98 2.75 
Remark: 
I. Sand Casting properties [EZ33A-Temper T5]; Magnesium Design Handbook by R. 
Busk. 
2. Magnesium Elektron ZRE I material specification 
3. Average value of EPC counter gravity casting group at filling pressure 689.476 
millibars (10 Ibflin2) and pouring temperature 800°C 
4. Average value of EPC counter gravity casting group at filling pressure 551.5808 
millibars (8 Ibf/in2) and pouring temperature 780 to 820°C 
5. Average value of gravity sand casting group (steel wool filtration, flux melting and 
top pouring in a chemically bonded sand mould) 
A - Two Percent Proof Stress (MPa); B - Modulus of Elasticity (kN/mm2) 
C - Ultimate Tensile Strength (MPa); D - % Elongation (%); N/A - Not Available 
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Figure 7.1 Comparison of Two Percent Proof Stress 
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Figure 7.2 Comparison of Ultimate Tensile Strength 
Remark: 
5 
5 
Specimen group I; 2 and 3:- EPC casting; counter gravity pouring with filling pressure 
551.5808 millibars (8 Ibf/in2) and pouring temperature 820, 800, and 780°C 
respectively. 
Specimen group 4:- EPC casting; counter gravity pouring with filling pressure 689.476 
millibars (10 Ibflin2) and pouring temperature 800°C 
Specimen group 5:- Gravity sand casting (steel wool filtration, flux melting and top 
pouring in a chemically bonded sand mould) 
Note: I Ibf/in2 equals to 68.9476 millibars. 
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Figure 7.4 Comparison of Modulus of Elasticity 
Remark: 
Specimen group I; 2 and 3:- EPC casting; counter gravity pouring with filling pressure 
551.5808 millibars (8 Ibf/in2) and pouring temperature 820, 800, and 780°C 
respectively. 
Specimen group 4:- EPC casting; counter gravity pouring with filling pressure 689.476 
millibars (10 Ibf/in2) and pouring temperature 800°C 
Specimen group 5:- Gravity sand casting (steel wool filtration, flux melting and top 
pouring in a chemically bonded sand mould) 
Note: I Ibf/in2 equals to 68.9476 millibars. 
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The mean values of each tested property for each test specimens' group 
are presented for comparison in Figures 7.1, 7.2, 7.3 and 7.4. 
From the comparison of all groups, the test specimens from EPC 
process under counter gravity pouring mostly gave better values than 
the test specimens from sand casting gravity pouring. This suggests that 
EPC counter gravity pouring may challenge sand casting and other 
conventional casting processes for the production of a magnesium alloy 
castings. 
When the results were compared with the MEL (Magnesium Elektron 
Ltd.) specification and the values in the Magnesium Design Handbook 
by R. Busk, EPC counter gravity pouring is comparable to sand casting 
mechanical properties (with temper heat treatment T5), according to the 
previous table of test specimens' comparison [Table 7.1]. Note: the 
specimens produced by the author were tested in the as-cast condition. 
The results from EPC counter gravity pouring were comparable or 
better than sand casting with steel wool filtration, flux melting and top 
gravity pouring in a chemically bonded sand mould. 
EPC counter gravity pouring can be considered in two categories. The 
first one varied in the pouring temperature while the second one varied 
in the positive filling pressure. 
In varying the pouring temperature the mean value of test specimens 
produced with the same filling pressure 551.5808 millibars (8 Ibf/in2) 
at pouring temperature 820°C were compared with the mean value of 
the ones at pouring temperature 780 or 800°C. It appeared that 
mechanical properties were higher with the exception of modulus of 
elasticity. It is understood that the correct pouring temperature and 
melting should give the correct microstructure while a higher pouring 
temperature can offer better pattern decomposition. 
The effect of positive filling pressure on the mean values of test 
specimen properties was evaluated for filling pressure of 689.476 
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millibars (10 lbf/in2) and 551.5808 millibars (8 lbf/in2) at the same 
pouring temperature of 800°C. 
The influence of positive filling pressure affected the mechanical 
properties of test specimens more than did the influence of pouring 
temperature. The mean values of test specimens produced with a filling 
pressure 689.476 millibars (10 lbf/in2) and a pouring temperature of 
800°C were compared with those produced with 551.5808 millibars (8 
lbf/in2) and pouring temperature of 820°C. 
A pouring temperature of 800°C with high filling pressure (689.476 
millibars; 10 lbf/in2) gave the best mechanical properties of all the 
investigated test specimens. It is understood that high positive filling 
pressure promotes improved mould filling while high pouring 
temperature helps in pattern decomposition and fluidity of the melt. 
From the experimental work it appears that the pouring method 
influences the quality of casting, when counter gravity pouring and 
gravity pouring were compared. Other factors may be concerned. 
The experimental work showed that room temperature mechanical 
properties of castings produced by the EPC counter gravity pouring are 
comparable with the commercial sand casting process. This 
experimental evaluation showed that the EPC counter gravity pouring 
method has the potential to be an alternative casting process for 
producing magnesium base alloy castings. 
However, there is still a requirement for further under~tanding about 
the mechanisms of the process and the influences of process parameters 
on the microstructure of cast material. This would support and 
strengthen the industrial application of the EPC process. 
In conclusion, porosity has a major effect on the mechanical properties 
of castings produced by the EPC counter gravity pouring method. The 
characteristics of the EPC process that cause concern are the pattern 
degradation products and their elimination during pouring. Counter 
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gravity pounng, coupled with the proper process parameters like a 
positive filling pressure and pouring temperature, can provide control 
over the flow of metal entering the mould. It also provides controlled 
degradation of the pattern so that a suitable amount of pattern 
degradation products can be absorbed and escape to the surrounding 
areas sufficiently in time before the melt solidifies. Directional-
solidification and steep temperature gradients are essential in promoting 
the soundness of castings in this material. The chilling effect of pattern 
degradation in the EPC process can promote steep temperature 
gradients to support the feeding performance under the positive filling 
pressure. This results in less defects in the microstructure of the casting. 
Fine grain sizes in microstructure not only offer satisfactory mechanical 
properties but also reduce the size of the porosity that appears in the 
microstructure. The grain size in the casting affects the mechanical 
properties and this can be influenced by the action of grain refinement 
from the zirconium. [115] In fine-grained long-freezing-range alloys 
the voids or shrinkage cavities, which are large in quantity, are 
generally equiaxial and smaller. These cavities do not greatly weaken 
the mechanical properties of the casting. [116] The importance of the 
combined conditions of good melting practice and controlled process 
parameters in dealing with the problem of pattern degradation in the 
EPC process and its effect on this material are confirmed. 
The EPC counter gravity pouring process has been proved to give 
equivalent mechanical properties to the traditional sand casting process, 
however, more research is required to confirm the effect of casting 
size. The reason is that the volume of pattern material depends on the 
size of the casting which in turn determines the amount of pattern 
degradation products which are produced. 
Part B : Mould Filling Model of Casting Processes 
7.5 The limitation of the suggested model 
The mould filling in pouring an empty cavity mould process by gravity 
in a bottom gated filling and counter gravity pouring was described. 
Also the mould filling in expandable pattern casting process was 
introduced in both gravity and counter gravity pouring. For an empty 
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cavity mould process the main assumption is that the fluid is ideal and 
Newtonian. Ideal fluid is an incompressible fluid with no internal 
friction or viscosity while Newtonian fluid implies that the behaviour of 
the fluid is in direct proportionality to force and speed. In addition, 
Bernoulli's equation and the principles of hydraulics were applied on 
the condition of no friction loss. This means no loss of energy. The 
above knowledge and theories based on the understanding of water are 
the fundamental background. These simplifications were supposed to 
make the mathematical expressions easy to solve and understand. In 
reality the molten metal should be an incompressible fluid with 
viscosity. Its viscosity varies according to temperature. Surface tension 
is important in the condition of filling a thin section casting. It also 
varies according to temperature and influences on the free surface of 
molten metal in a mould cavity. Surface roughness of the mould 
concerns the wall friction loss during mould filling. Apart from the 
friction loss there is a heat transfer from the molten metal flow to the 
mould and surroundings. In the flow of molten metal it is expected that 
the flow fully fills the system, however, in practice the runners of the 
system may be only partially filled with molten metal, especially in a 
non pressurised filling system. 
For an expendable pattern casting process the pattern decomposition 
behaviour coupled with the molten metal's temperature affect the flow 
characteristic of the molten metal flow. The assumptions in an empty 
cavity mould process were still applied in the EPC process. In practice 
the molten metal flow is influenced by its viscosity, surface tension, the 
wall friction loss, and heat transfer. For heat transfer it is expected that 
the majority of heat transfer is directed to the decomposition of pattern 
material. In practice the molten metal flow may pass only to one side of 
the system during filling. It is still unclear that the molten metal flow in 
EPC process behaves as a Newtonian fluid because the molten metal 
flow is delayed in filling due to the resistance of decomposition 
products, especially those in gaseous form. 
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Chapter 8 
Conclusions 
Part A : Experimental Work on the Casting Process 
8.1 Conclusions of Experimental Work on the Casting 
Process 
The production of magnesium base alloy ZRE 1 castings by the EPC 
process is a function of the quality of the melt and the process control. 
The former concerns the good practice in melting. The latter concerns 
mould filling and the reactions of the melt with pattern material in the 
process. The appropriate process parameters must be established to 
ensure effective elimination of pattern degradation products and to 
produce less defects in the casting microstructure. This, in turn, ensures 
satisfactory mechanical properties from acceptably sound castings. The 
research considered essential issues such as : pattern design; casting 
design; coating practice; melt practice; pouring method; process 
mechanism; casting defects; casting appearance; and casting results. 
Conclusions on these issues are presented for the production of 
magnesium ZREl alloy castings by the gravity and counter gravity 
pouring EPC processes. The findings of the experimental work to 
understand the factors influencing the microstructure and mechanical 
properties of castings are also summarised. 
For pattern design : 
• The runners connected to the ingate for counter gravity pouring 
should be tapered and rectangular shapes. This reduces the volume of 
pattern material and consequently the amount of pattern degradation 
products which resist smooth metal flow into the mould. 
• Pattern assembly rigidity is crucial to resist the force arising from 
the vibration or compaction of unbonded sand in the mould flask. 
Extensions, like thin strips linking clusters of the patterns, may be 
required to improve the rigidity of pattern assemblies. 
For casting design: 
• The feeding system design can prevent the formation of shrinkage 
porosity in the test castings. 
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For coating practice: 
• The addition of 2% potassium fluoroborate to the SMC coating 
successfully inhibited reaction between the molten metal and the 
mould coating. 
For melting practice: 
• Equipment and tools that come into contact with magnesium during 
the melting process should be of uncoated steel only. 
• In order to obtain the correct grain structure it is necessary to 
maintain the melt temperature between 780° and 820°C after grain 
refinement. 
• To guarantee the quality of the melt specification a chemical sample 
should be checked to certify the composition of the melt for 
adjusting the element before pouring. 
• A chilled cast bar of one-inch diameter should be produced and 
fractured to check the effect of grain refinement of magnesium melt 
by zirconium before pouring the melt. 
• The melt should be taken only from the middle part of the melt to 
prevent insoluble zirconium-rich particles from the bottom of the 
melt entering the mould. 
• Fluxless melting can assure the purity of the melt. The purity of a 
melt produced by flux melting can be improved by using steel wool 
filtration to reduce flux inclusions. 
• Argon gas is an acceptable alternative to a gas mixture of 98% C02 
and 2% SF6 for the pressurised gas in counter gravity pouring. 
• Thermocouples and triggers can be used to produce solidification 
curves and indicate the molten metal's flow speed. 
• A sealing technique must be developed to prevent leakage from the 
pressure vessel when a positive filling pressure is applied during 
counter gravity pouring. 
For pouring methods : 
• Gravity pouring, by top or bottom gating, using an unpressurised 
system did not produce satisfactory microstructures because filling 
could not be controlled due to unpredictable pattern degradation in 
the EPC process. 
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• The counter gravity pouring method produces a better 
microstructure with less defects compared to gravity pouring. 
For process mechanisms: 
• Gating ratio affects the control of turbulence arising from pattern 
degradation and the elimination of pattern degradation products. 
• It is believed that the rate of metal fill and level of vacuum assistance 
affect the turbulence of the molten metal in counter gravity pouring. 
They also affect the rate of pattern decomposition. Both the molten 
metai's flow and the degradation products from pattern 
decomposition would appear to affect the form and type of defects 
observed in the microstructures which determine the quality of the 
casting and, in turn its mechanical properties. 
• The permeability of the unbonded sand mould and pattern coating 
are important for the escape and/or absorption of decomposition 
products in the EPe process because gaseous degradation products 
and polymeric liquid from pattern decomposition must pass through 
the coating and the mould. It was noticed that the originally 
unbonded sand around the coating had become bonded when a 
casting was knocked out from the mould. This suggested that the 
degradation products had bonded with the sand. 
• A high level of positive filling pressure coupled with high pouring 
temperature in EPe counter gravity pouring offers a satisfactory 
casting result in terms of microstructure; mechanical properties; and 
casting appearance. 
The method can improve the solidification characteristics of long 
freezing range magnesium alloys by promoting directional 
solidification and steep temperature gradients to improve feeding. 
The chilling effect of the EPe pattern degradation process supports 
the feeding performance. 
For casting defects: 
• Gas porosity, in the form of black spots, and inclusions, which are 
either flux inclusions or zirconium-rich particles, are the main 
defects observed in the microstructure of specimens in the 
experiments. 
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For casting appearance: 
• It was noted that castings produced from either gravity or counter 
gravity pouring displayed a dark layer on their outer surfaces. This 
layer was produced by the coating and could be removed by sand 
blasting. 
• The surface finish of a EPC casting is affected by many factors such 
as :-
- the coating material (related to the fineness of coating particles) 
- pattern production (the different methods of production, i.e. 
conventional vented tools vs. ventless tools) 
- types of pattern (the different surface on a pattern cut from a foam 
sheet and that of an injection moulded pattern) 
- method of pouring and filling control (as these affect the flow of 
molten metal which can cause mould penetration, erosion or even a 
back pressure from gaseous degradation products.) 
For casting results: 
• There appears to be a relationship between the pattern bead 
materials' density and the quality of the casting as determined from 
its microstructure. Low density bead patterns produce less defects in 
the microstructure of the casting. It is also expected that the 
relationship will exist between the pattern bead materials' density and 
casting mechanical properties. 
• The casting produced from a low bead density pattern (bead density 
was about 19 gramsnitre), a gating ratio of 1:4:4 and with only a 
positive pressure displacement filling of about 137.8952 millibars (2 
Ibf/in2) by counter gravity pouring produced the most satisfactory 
microstucture. 
• It is important to perform strain rate control, or the equivalent, to 
obtain room temperature mechanical properties, such as tensile 
strength and proof stress, of magnesium alloys. 
• The grain size of EPC counter gravity poured castings is finer than 
the grain size of sand casting gravity pouring castings. A fine grain 
size and an absence of defects promote improved mechanical 
properties. 
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• The test specimen produced from a posItIve filling of 689.476 
millibars (10 Ibflin2) and pouring temperature 800°C gave the best 
mechanical properties in all investigated test specimens. The 
specimen was poured with EPC counter gravity with a steel wool 
filtration system from the flux melting melt. 
• Castings produced by the EPC counter gravity pouring considered in 
the experimental work showed mechanical properties in tensile 
strength at room temperature (as cast condition) comparable with the 
values of castings produced by commercial sand casting process. 
Part B : Mould Filling Model of Casting Processes 
8.2 Comments on different approaches of pouring 
8.2.1 Expendable pattern casting process under gravity 
pouring 
When molten metal is poured from a ladle, as a free falling object, into 
the pouring basin or pouring cup the initial velocity of the molten metal 
should be .,j2gh where g is the gravitational acceleration and h is the 
height of head in pouring. The molten metal would then flow down the 
sprue through runners and enter the gating system into the pattern 
cavity, embedded in the sand mould. The above mentioned parts (sprue, 
runners and gating system) are usually made from a polymeric material 
assembled with a casting pattern. The molten metal flow would be 
affected by the characteristics of the EPC process. These are the 
decomposition mechanisms and products of the polymeric material 
which resist metal flow during mould filling. This condition is 
dominated by the significant factors like polymeric material, coating 
permeability, pouring temperature, coating thickness, metallostatic head 
and pattern geometry. All these factors will have a major effect in 
controlling the molten metal flow pattern during mould filling. The 
cross section of the gate area seems to have less effect on the filling 
velocity while sufficient molten metal is supplied. The successful control 
of mould filling is dependent on optimising these key factors to give a 
uniform filling pattern suited to the particular complex shape of casting 
and casting material. 
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8.2.2 Expendable pattern casting process under counter 
gravity pouring 
Molten metal is transferred from the holding furnace/ladle under the 
pressure of a pressurised gas which acts on the molten metal's surface in 
the ladle. The initial velocity of the molten metal will depend on control 
of the pressurised gas. The molten metal would then flow through the 
filling tube and runners before entering the gating system into the 
pattern cavity. Here only the runners and gating system are made from 
a polymeric material assembled with the casting pattern. The molten 
metal flow would be affected by the same phenomena of the EPC 
process described for gravity pouring. 
8.2.3 Comparison of different methods of pouring 
[bottom gating in gravity pouring, counter gravity pouring in an empty 
cavity mould process, and expendable pattern casting processes in both 
gravity and counter gravity pouring] 
From the review of the different methods of pouring the following 
conclusions can be drawn:-
For bottom gating under gravity in an empty mould cavity process the 
filling time depends on the cross sectional area of both casting and gate. 
Also metallostatic pressure head influences the molten metal flow and 
fill time. The geometric dimensions of the gating system directly affect 
the control of molten metal flow during mould filling to give a 
satisfactory flow pattern in promoting a good casting quality. 
For counter gravity pouring in an empty mould cavity process the 
filling time depends on the cross sectional area of both casting and gate. 
The speed of filling is controlled through the pressurised gas acting on 
the surface of the molten metal. This speed directly influences the 
molten metal flow in mould filling. So the satisfactory flow pattern 
depends on control of this filling speed to promote a good casting 
quality. 
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The expendable pattern casting process differs from the empty mould 
cavity process. Molten metal entering the pattern cavity behaves 
differently. The molten metal flow pattern is incompatible with the 
knowledge available from the conventional casting processes. The EPC 
process is dominated by the complex relationships between the molten 
metal's pouring temperature, the decomposition mechanisms and 
products of the polymeric pattern material and the characteristics of the 
refractory coating. These principal factors and others, such as pattern 
geometry, play a role in controlling the molten metal flow pattern 
during mould filling. Gate area has less effect on the filling velocity 
when the flow rate of the molten metal supply exceeds the recession rate 
of either pattern decomposition or the elimination of the decomposition 
products. 
For the expendable pattern casting process, either gravity or counter 
gravity pouring, the filling time depends on the success of the molten 
metal occupying the space of decomposition products of pattern 
elimination under the optimisation of the relationships of significant 
factors. These factors are molten metal's pouring temperature, the 
decomposition mechanisms of polymeric pattern material and the 
characteristic of refractory coating with other concerns like pattern 
geometry. Either metallostatic head in gravity or pressurised gas (a 
positive pressure) in counter gravity pouring play a role in enabling 
decomposition products, especially those in gaseous form, to escape 
through the gap around the perimeter at the interface of the pattern and 
molten metal flow front past the coating into the sand mould. Coating 
permeability controls the escape of gaseous products while both coating 
material composition and permeability influence the manner and rate of 
escape of liquid products. The satisfactory flow pattern is dependent on 
the successful control of mould filling with the optimisation of the 
concerned significant factors to suit the particular complex shape of 
casting and casting material. 
So each type of pouring has individual characteristics and different 
significant factors that control the molten metal flow during mould 
filling. 
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8.3 Recommendation in the way of using Quasi One 
Dimensional Analysis by applying Fluid Mechanics approach. 
The quasi one dimensional analysis fluid mechanics approach was used 
as an analytical tool for the EPC process. It was used to simulate the 
inlet and outlet mass flows of molten metal which are influenced by the 
pattern decomposition products' mass flow which delays mould filling. 
A K value is represented as an indicator of the ratio between outlet mass 
flow and inlet mass flow which is a function of the EPC characteristic 
of pattern degradation. This proposed value can reflect the influence of 
the process parameters, such as filling pressure, pouring temperature, 
coating permeability and etc., on the control of molten metal flow. The 
method relies on the application of sensor probes to detect the molten 
metal flow and provide velocity values at different points in the pattern. 
This helps to provide an understanding of how the flow progresses 
inside the mould. The K values could be used to estimate the flow 
characteristics in those sections where no probes are provided. Changes 
in the process parameters cause the value of K to be changed with the 
reason that the amount of pattern degradation products and their 
elimination are influenced by the process parameters. So the changes in 
the K (numerical) values enable the effect of process parameter changes 
to be observed. 
The understanding derived from the observation may lead to a basis for 
control of the molten metal flow in filling which must balance the 
filling pressure and the resistance of pattern decomposition products 
along with other process parameters to provide tranquil molten metal 
flow. The runner and gating system design in this process would be 
modified to suit each component shape of casting using the results of 
this applied method of analysis. Also the K value may express the delay 
in mould filling of this process compared with that in an empty cavity 
mould process. 
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Chapter 9 
Suggestions for further research 
9.1 Required Development for the EPC Process 
The EPC process is a challenging casting process because of the need to 
develop the knowledge and establish the methodology for design. Recent 
research has endeavoured to unravel the mystery of this casting process. 
There are many interesting topics in this process which need to be 
researched to strengthen its advancement as in these further 
descriptions. 
There are many required characteristics for the development of a new 
environmentally-friendly pattern material. Some distinguishable ones 
are: ability to produce complicated pattern shape; ability to produce a 
better surface finish of the pattern in moulding; ability to produce a 
good strength and stiffness of the pattern cluster; ability to produce less 
defects in the casting; and ability to provide predictive control for 
pattern shrinkage. 
In casting process design the concerned topics are: a filling system 
(ingate, runner) to provide quiescent filling and pouring to balance 
pattern degradation; a feeding system (riser or feeder) to prevent 
shrinkage in the casting; and pouring principles & techniques for each 
casting material. 
The method of assembly is important to provide sufficient stiffness for 
pattern clusters. Also controlled sand filling and vibration/compaction 
methods are essential to avoid pattern distortion and give a good 
compacted strength to the sand mould. 
For pattern coating and mould characteristics the following topics are 
relevant to the process. They are coating technique to provide 
satisfactory permeability; permeability of coating on the pattern 
combined with compacted unbonded sand mould; wetting and wicking 
mechanism of polymer degradation products through the coating; and 
the effects of coating and the sand mould on molten metal filling. 
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For the casting stage it is crucial to establish theoretical predictive 
equations. The topics of concern are the transport phenomena of molten 
metal flow in terms of flow and heat transfer characteristics, the pattern 
degradation mechanism including back pressure generated in pattern 
degradation and the energy & pressure equation in representing this 
mechanism, casting solidification and cooling mechanism including their 
equations. 
Referring to the results from test bars in the final stage of the present 
research; satisfactory microstructure and tensile strength were obtained 
by EPC counter gravity pouring. It is proposed that the larger size of 
test bars that provided the best results in the present research should be 
used with flux less melting and the counter gravity pouring method for 
different kinds of beads. Fluxless melting can provide the purity of the 
melt in which the contamination can be reduced to provide the high 
quality of the melt in pouring. It can eliminate the use of a filtration 
system necessary under flux melting in the present experimental 
research. The level of filling pressure should be researched to establish 
if it can be lowered from the level of filling pressure used in the present 
experimental research. Counter gravity pouring can provide a solution 
to quiescent melt flow. Also it can contribute to the sequence of pattern 
degradation and elimination of the products. So that fluxless melting, 
coupled with counter gravity pouring, can help to control the filling 
pressure and eliminate the need for a filtration system. Different kinds 
of beads should be investigated concerning these following interests. 
The influence of pattern material and its properties, in conjunction with 
other process parameters like pouring temperature on the problem of 
pattern degradation products should be investigated. It is expected that 
the type of pattern degradation products and their amounts may differ 
according to the different kinds of bead. If this expectation is true, this 
should influence the difficulties in the elimination of this problem. 
The tensile test based on strain rate control at room temperature for this 
material's test bars in heat-treated condition should be applied to 
provide the accuracy range of 0.2% proof stress and ultimate tensile 
strength including percentage of elongation. The result can be compared 
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for each type of bead material. This will help in selection of the most 
suitable bead material for pattern production. 
Also other mechanical property tests such as short term tensile 
properties at elevated temperature, creep and fatigue should be 
conducted. Their results may confirm the quality of the test bars 
produced in this process compared with an empty mould process in sand 
casting. 
Other parameters concerning the process, such as the thickness of 
coating and vacuum assistance, should be introduced additionally to find 
out their individual influence on the microstructure and mechanical 
properties of the test bars. At the final stage these cumulative 
experiments will provide the optimum solution to the main influential 
parameters of the process, which are filling pressure, pouring 
temperature, bead density & bead manufacturer, coating thickness and 
vacuum assistance level. This should provide the fundamental 
knowledge for producing a prototype magnesium base alloy casting. 
For producing a prototype magnesium base alloy casting an 
investigation of casting filling and feeding design will be an essential 
issue to consider, because the quality of a sound product is determined 
by mould filling and proper feeding during solidification. 
The proper sand filling and vibration/compaction method for a 
particular shape of prototype casting must also be investigated. The 
reasons concern the different casting configurations and the rigidity of 
the pattern assemblies. 
Dimensional accuracy of the casting is another important issue for a 
successful prototype. This issue involves such factors as the 
characteristics of pattern material, the method of pattern processing and 
moulding, the tolerance of pattern mould tooling, the shrinkage of the 
pattern, the shrinkage of casting material, and the allowance in the 
design of the casting. 
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The final investigation of the prototype should be the quality of 
microstructure and mechanical properties to serve the working 
condition of that casting prototype. Both the needs of the customer and 
the required standards should be satisfied too. 
9.2 General discussion on Computational Fluid Dynamics 
(CFD) 
The direct observation of molten metal during the casting process 
presents many difficulties. The phenomena happen inside the opaque 
space of a mould in highly transient conditions of the molten metal flow 
at high temperature. The obtained information from the detection 
devices like contact wires or sensors are usually only the locations of the 
metal as a function of time. Modelling benefits the investigation of metal 
flow phenomena through computational simulation. In an empty mould 
process the additional information, which cannot be obtained by direct 
observation such as velocity and pressure distributions within the molten 
metal, can be generated. This offers the opportunity for design and 
prediction from the generated results of the modelling. 
From the present understanding, the mathematical formulations used in 
an empty mould process are based on fundamental principles of the 
conservation of mass, energy and momentum. Bernoulli's equation and 
the Saint-Venant equation, which are mathematical equations under the 
conservation of mass and energy, are applied to calculate flow in 
completely filled channels and partially filled channels respectively. 
Navier-Stokes equations, which are mathematical equations under the 
conservation of mass and momentum, are applied to calculate fluid flow 
within the mould cavity during transient filling. Other assumptions and 
simplifications can be introduced to produce a feasible solution. Some 
examples are friction loss during mould filling, filling time calculations 
based on assumptions about the level of molten metal in the pouring 
basin, the velocity at the top surface of the molten metal equals to zero, 
and no build up of back pressure in the system. The accuracy of the 
result may depend on these assumptions and simplifications. 
Those concerned mathematical equations, which are written in the form 
of partial differential equations, in generating the phenomena of the 
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molten metal flow need to be transformed as a numerical analogue of 
the equations. This transformation for computing is necessary because 
the computer cannot understand· the symbolic forms in mathematical 
expressions and operations of the equations. The numerical 
discretization can be used based on the available techniques such as the 
finite difference method, the finite element method or the finite volume 
method. Then a computer can process those equations to produce a 
prediction of the phenomena. The above selected technique may affect 
the calculating algorithms in terms of the efficiency of computation and 
complex geometry handling. Boundary conditions for the variables in a 
flow problem must be sufficiently detailed. The variables are the 
velocity components (which affect the momentum equation), pressure 
and mass flow (which influence the continuity equation), and turbulence 
variables (such as the turbulence kinetic energy and the rate of 
dissipation). It is necessary to define them for solving a computational 
fluid dynamics program. 
Powerful computer hardware is necessary for the complex tasks of 
calculation to generate the output in a reasonable time. 
Finally it is important to verify computational models of mould filling 
with practical experiments. The verified computational models should 
be valuable for predictive analysis. 
The previous comments are concerned directly with computational fluid 
dynamics in an empty mould process. It is accepted that the expendable 
pattern casting process (EPe process) has process mechanisms that 
differ from an empty mould process. Scientific knowledge of this 
process plays an important part in building theoretical equations of this 
process's phenomena similar to the natural occurrence. The equations 
concerned are the transport phenomena of molten metal flow in terms 
of flow and heat transfer characteristics, the pattern degradation 
mechanism, back pressure generated in pattern degradation and the 
energy & pressure equation in representing this mechanism. These 
required mathematical equations, which are critical, would strengthen 
the fundamental background in creating the computational modelling 
suited for EPe process. The algorithms of these equations in the EPe 
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process should lead the way of modifying or adapting the principles of 
fluid dynamics under the resistance of pattern degradation products' 
pressure feasibly in practice. 
As previously mentioned, CFD can give benefits to predict the flow 
characteristics of the melt in filling, however, there are difficulties and 
obstacles under the absence of fundamental scientific theoretical 
equations for supporting CFD modelling of the EPC process. Semi-
experimental methods are important because the large amount of 
observed data gathered from the experiments can be collected to 
provide CFD creation. Various techniques for observation and 
measurement can be used for example, X-ray radiography in a real time 
system, contact wires or sensors, or high speed cinematography for 
investigating the melt through a heat-resistant transparent glass. From 
the careful design in a similar experiment the complete collection of 
observed data provided from those individual techniques can result in 
reasonable and accurate information for the flow profile and the flow 
characteristics of the melt. Similar experiments could be conducted 
using the same method of filling or pouring and similar conditions for 
an empty mould process or EPC process. A comparison between the 
results should help in understanding the differences in the information 
generated under similar conditions of the experiment for the different 
casting processes. The observed data from the experiment can be the 
degradation zone of polymeric pattern at the melt and pattern interface 
under the EPC process, the flow profile of the melt for each particular 
process over time, the velocity of the melt along the route of filling 
under the detection of sensors or probes, the characteristics of the flow 
(in respect of its turbulence level) on the particular casting design, and 
others factors like the escape of gaseous degradation products under the 
EPC process. 
From the results the effects of metal density and viscosity, which 
change as a function of temperature variation and heat transfer, on 
metal flow can be understood. 
The experimental results for an empty mould process compared 
with those for the EPC process should provide significant data for the 
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creation of a database compensation subroutine to support the CFD 
program for the EPC process by extending the model for an empty 
mould process. The database module should be derived from the 
experimental work to support CFD simulation in terms of one, two and 
three dimensional space. The experimental works should be performed 
concurrently with the sequence of CFD simulation in each step. The 
accuracy of the simulation must be verified by practical experiments. 
This subroutine will be added on to compensate the CFD simulation in 
an empty mould process to answer the result in EPC process under the 
certain conditions (such as casting configuration, casting material and 
the concerned process parameters in the EPC process). Finally the CFD 
analysis would be valuable for providing reasonable solutions for the 
casting design for the EPC process. Also the advantages and 
disadvantages between an empty mould process and the EPC process can 
be compared with reference to the prediction from individual CFD 
results and analysis. This offers the opportunity to select a suitable 
process for the particular casting in production. 
The above suggestion is expected to prevent the errors which 
could happen under any assumptions and simplification according to the 
uncertainty from the infancy of knowledge of the EPC process to 
support the simulation. 
For the modelling of CFD in EPC process the database module 
will be an added-on subroutine of the CFD solver program. Linking the 
subroutine program to the solver program of CFD is not a simple task. 
The user has to be extremely familiar with CFD simulation. The 
expertise of the user would support the task of writing this subroutine to 
embed it into the CFD solver. The subroutine should be compiled and 
the object code linked with the main solver program libraries to provide 
a modified solver program. Also the fundamental skills in mathematics, 
computational computing and engineering, especially in fluid mechanics, 
of the user will be important for evaluating the suitability of hardware 
and software including the substantial methodology of CFD in exploring 
this task. 
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The Measurement of Grain Size 11 Sept. 1996 
Sample No.l Gravity Casting 
The test line of length <lfJ ) = 150 mm 
Object Magnification of a optical microscopy 100x was used. 
M Tt" fTV 480 rd llgm Ica Ion 0 a screen x was applle 
Grain number's 
Observed countinQ Average ~ 
position no. 1 st count 2nd count Im (micrometres) 
1 5.5 6 5.75 54.348 
2 5 5 5 62.500 
3 5 5 5 62.500 
4 6 7 6.5 48.077 
5 5 5 5 62.500 
6 6 6 6 52.083 
7 5 6 5.5 56.818 
8 5.5 5 5.25 59.524 
9 6.5 5 5.75 54.348 
10 8 7 7.5 41.667 
1 1 6 4 5 62.500 
12 4 6 5 62.500 
13 5 6 5.5 56.818 
14 5 5 5 62.500 
15 5 5 5 62.500 
16 4 4 4 78.125 
17 4.5 5 4.75 65.789 
18 6 6 6 52.083 
19 7 6 6.5 48.077 
20 5 5 5 62.500 
[!!:] 1,167.757 IIl/1 
I(Il;rl 1363657.529 
Average Grain Size II = ~ I; I 58.388 
t"l = \ IL. 2 -(IL;r In 1.770 12t"ll 
n(n -I) 
Numbers of counting Im = 20 
~ are the individual values of the mean linear intercepts obtained 
in Im inde endent measurements on the same material (or sample) 
[1J L 
2953.686 
3906.250 
3906.250 
2311.391 
3906.250 
2712.674 
3228.306 
3543.084 
2953.686 
1736.111 
3906.250 
3906.250 
3228.306 
3906.250 
3906.250 
6103.516 
4328.255 
2712.674 
2311.391 
3906.250 
69,373.078 
3.540 
The term l..:t. 2t"LJ specifies the interval for a 5% probability of error 
or 95% significance level. 
lLiiili 
IL+2UI 
54.848 
61.927 
micrometres 
micrometres 
Range of grain size is from 54.848 to 61.927 micrometres. 
The Measurement of Grain Size 11 Sept. 1996 
Sample No.2 EPC Casting (10 Iblin2; 800 deg C) 
The test line of length (~ ) = 150 mm 
Object Magnification of a optical microscopy 100x was used. 
Magnification 0 f TV r d a screen 480x was apPlle 
Grain number's 
Observed counting Average [ZJ [M Li 
position no. 1 st count 2nd count 01 (micrometres) 
1 7 8 7.5 41.667 1736.111 
2 7 7 7 44.643 1992.985 
3 7.5 9 8.25 37.879 1434.803 
4 10 7 8.5 36.765 1351.644 
5 8 9 8.5 36.765 1351.644 
6 8 8 8 39.063 1525.879 
.7 8 10 9 34.722 1205.633 
8 8 8 8 39.063 1525.879 
9 8 8 8 39.063 1525.879 
10 8 9 8.5 36.765 1351.644 
1 1 7 9 8 39.063 1525.879 
12 9 8 8.5 36.765 1351.644 
13 8 9 8.5 36.765 1351.644 
14 10 8 9 34.722 1205.633 
15 10 8 9 34.722 1205.633 
16 9 9 9 34.722 1205.633 
17 9 8 8.5 36.765 1351.644 
18 7 8 7.5 41.667 1736.111 
19 9 9 9 34.722 1205.633 
20 9 7 8 39.063 1525.879 
rm 755.367 III/I 28,667.429 
I(IIifl 570579.0399 
Average Grain Size II = ~ Ii I 37.768 
U=, 
IL/ -(IL.r/n 0.604 [2LlII 
n(n -1) 
Numbers of counting 01 = 20 
[ZJ are the individual values of the mean linear intercepts obtained 
in 01 independ!1j measurements on the same material (or sample) 
The term [I ± 2.6 I specifies the interval for a 5% probability of error 
or 95% significance level. 
IL-26LI 
IL+26LI 
36.561 
38.976 
micrometres 
micrometres 
Range of grain size is from 36.561 to 38.976 micrometres. 
1.207 
The Measurement of Grain Size 11 Sept. 1996 
Sample No.4 EPC Casting (8 Iblin2; 800 deg C) 
The test line of length (~ ) = 150 mm 
Object Magnification of a optical microscopy 100x was used. 
M Tt" fTV 480 rd aQnI Ica Ion 0 a screen x was applle 
Grain number's 
Observed countinQ Average [ZJ 
position no. 1st count 2nd count 01 (micrometres) 
1 10 9 9.5 32.895 
2 7 10 8.5 36.765 
3 10 1 1 10.5 29.762 
4 7 8 7.5 41.667 
5 8 8 8 39.063 
6 9 8 8.5 36.765 
7 8 7 7.5 41.667 
8 8 9 8.5 36.765 
9 1 1 9 10 31.250 
10 9 8 8.5 36.765 
1 1 7 7 7 44.643 
12 8 8 8 39.063 
13 10 10 10 31.250 
14 7 10 8.5 36.765 
15 7 8 7.5 41.667 
16 7 9 8 39.063 
17 9 9 9 34.722 
18 8 6 7 44.643 
19 9 10 9.5 32.895 
20 7 8 7.5 41.667 
lm 749.737 IIL;'I 
I(IL;tl 562105.5857 
Average Grain Size IL = ~ L; I 37.487 
IlL= IL/-(IL;t/n 0.986 121lIl \, n(n -I) 
Numbers of counting 01 = 20 
[ZJ are the individual values of the mean linear intercepts obtained 
in 01 inde endent measurements on the same material (or sample) 
[3 L; 
1082.064 
1351.644 
885.771 
1736.111 
1525.879 
1351.644 
1736.111 
1351.644 
976.563 
1351.644 
1992.985 
1525.879 
976.563 
1351.644 
1736.111 
1525.879 
1205.633 
1992.985 
1082.064 
1736.111 
28,474.925 
1.973 
The term L ± 21lL specifies the interval for a 5% probability of error 
or 95% significance level. 
lL. - 21lLI 
lL+2ul 
35.514 
39.459 
micrometres 
micrometres 
Range of grain size is from 35.514 to 39.459 micrometres. 
The Measurement of Grain Size 11 Sept. 1996 
Sample No.3 EPC Casting (8 Ib/in2; 780 deg C) 
The test line of length (g;] ) = 150 mm 
Object Magnification of a optical microscopy 100x was used. 
M f f TV 80 r d agni icallOn 0 a screen 4 x was apPlle 
Grain number's 
Observed counting Average [ZJ [1j Li 
'position no. 1st count 2nd count [!!] lmicrometres) 
1 10 8 9 34.722 1205.633 
2 8.5 9 8.75 35.714 1275.510 
3 10 9 9.5 32.895 1082.064 
4 1 1 10 10.5 29.762 885.771 
5 8 11 9.5 32.895 1082.064 
6 10 10 10 31.250 976.563 
7 7 10 8.5 36.765 1351.644 
8 12 10 1 1 28.409 807.076 
9 10 8 9 34.722 1205.633 
10 10 9 9.5 32.895 1082.064 
1 1 10 10 10 31.250 976.563 
12 10 8 9 34.722 1205.633 
13 1 1 1 1 1 1 28.409 807.076 
14 10 9 9.5 32.895 1082.064 
15 10 9 9.5 32.895 1082.064 
16 12 9 10.5 29.762 885.771 
17 12 12 12 26.042 678.168 
18 12 12 12 26.042 678.168 
19 1 1 9 10 31.250 976.563 
20 10 8 9 34.722 1205.633 
~ 638.017 III/I 20,531.722 
I(IIifl 407065.5511 
Average Grain Size II = ~ Ii 1 31.901 
I::.L = \ 
IL/ -(ILif In 0.685 121::.I1 1.371 
n(n -I) 
Numbers of counting [!!] = 20 
[ZJ are the individual values of the mean linear intercepts obtained 
in [!!] indjP:dent
l 
measurements on the same material (or sample) 
The term I + 21'1I specifies the interval for a 5% probability of error 
or 95% significance level. 
IL-2I'1LI 
[L + 2t:.Ll 
30.530 
33.271 
micrometres 
micrometres 
Range of grain size is from 30.530 to 33.271 micrometres. 
The Measurement of Grain Size 11 Sept. 1996 
Sample No.S EPC Casting (8 Iblin2; 820 deg C) 
The test line of length @ ) = 150 mm 
Object Magnification of a optical microscopy 100x was used. 
M Tt' fTV 480 I'd aqm Ica Ion 0 a screen x was applle 
Grain number 's 
Observed countinq Average [ZJ 
position no. 1st count 2nd count @J (micrometres) 
1 9 7 8 39.063 
2 7 10 8.5 36.765 
3 9 9 9 34.722 
4 8 9 8.5 36.765 
5 7 8 7.5 41.667 
6 7 8 7.5 41.667 
7 8 7 7.5 41.667 
8 9 9 9 34.722 
9 9 7 8 39.063 
10 8 8 8 39.063 
1 1 7 8 7.5 41.667 
12 8 8 8 39.063 
13 8 7 7.5 41.667 
14 8 8 8 39.063 
15 7 6 6.5 48.077 
16 8 9 8.5 36.765 
17 7 8 7.5 41.667 
18 6 8 7 44.643 
19 6 7 6.5 48.077 
20 7 8 7.5 41.667 
[m 807.514 IIl/1 
I(Ilitl 652079.558 
Average Grain Size II = Inlil 40.376 
l!.l = 1 
IL/ -("jjit/n 0.827 12l!.ll 
n(n -I) 
Numbers of counting @J = 20 
[ZJ are the individual values of the mean linear intercepts obtained 
in @J inde endent measurements on the same material (or sample) 
[j Li 
1525.879 
1351.644 
1205.633 
1351.644 
1736.111 
1736.111 
1736.111 
1205.633 
1525.879 
1525.879 
1736.111 
1525.879 
1736.111 
1525.879 
2311.391 
1351.644 
1736.111 
1992.985 
2311.391 
1736.111 
32.864.134 
1.655 
The term I ± 2l!.l specifies the interval for a 5% probability of error 
or 95% significance level. 
IL- 2ul 
IL + 2ul 
38.721 
42.031 
micrometres 
micrometres 
Range of grain size is from 38.721 to 42.031 micrometres. 
The Measurement of Grain Size 11 Sept. 1996 
Sample No.6 EPC Casting (10 Ib/in2; 800 deg C) 
The test line of length (~ ) = 150 mm 
Object Magnilication 01 a optical microscopy 100x was used. 
M f I TV 8 <l9ni ication 0 a screen 4 Ox was applied. 
Grain number's 
Observed counting Average [bJ 
position no. 1 st count 2nd count 01 . (micrometres\ 
1 9 9 9 34.722 
2 7 6 6.5 48.077 
3 8 9 8.5 36.765 
4 7 9 8 39.063 
5 8 10 9 34.722 
6 10 8 9 34.722 
7 9 9 9 34.722 
8 9 9 9 34.722 
9 9 9.5 9.25 33.784 
10 8 7 7.5 41.667 
1 1 8 8 8 39.063 
12 9 9 9 34.722 
13 8 8.5 8.25 37.879 
14 9 10 9.5 32.895 
15 8 9 8.5 36.765 
16 8.5 9.5 9 34.722 
17 8 9 8.5 36.765 
18 8 7 7.5 41.667 
19 8 8 8 39.063 
20 7 9 8 39.063 
lm 745.567 IrI/1 
l(rIifl 555870.5066 
Average Grain Size II = rnIi I 37.278 
~I=\ r L/ -(rLif In 0.805 12~II n(n -I) 
Numbers of counting 01 = 20 [bJ are the individual values of the mean linear intercepts obtained 
in 01 inde endent measurements on the same material (or sample) 
[U] Li 
1205.633 
2311.391 
1351.644 
1525.879 
1205.633 
1205.633 
1205.633 
1205.633 
1141.344 
1736.111 
1525.879 
1205.633 
1434.803 
1082.064 
1351.644 
1205.633 
1351.644 
1736.111 
1525.879 
1525.879 
28,039.699 
1.610 
The term I + 2~I specifies the interval for a 5% probability 01 error 
or 95% significance level. IL -2t.JJ 
It±i.M.J 
35.669 
38.888 
micrometres 
micrometres 
Range 01 grain size is lrom 35.669 to 38.888 micrometres. 
The Measurement of Grain Size 11 Se pt. 1996 
Sample No.7 Gravi%,Casting 
The test line of length ~ ) = 150 mm 
Object Magnification of a optical microscopy 100x was used. 
M Tt" fTV 480 I'd agm Ica Ion 0 a screen x was applle 
Grain number's 
Observed counting Average [ZJ [M Li 
position no. 1 st count 2nd count 01 (micrometres) 
1 6 6 6 52.083 2712.674 
2 4.5 5 4.75 65.789 4328.255 
3 4 5.5 4.75 65.789 4328.255 
4 5 5 5 62.500 3906.250 
5 5 5 5 62.500 3906.250 
6 4 5 4.5 69.444 4822.531 
7 4.5 5 4.75 65.789 4328.255 
8 5 6.5 5.75 54.348 2953.686 
9 4 5 4.5 69.444 4822.531 
10 5 6 5.5 56.818 3228.306 
1 1 6 5 5.5 56.818 3228.306 
12 7 6 6.5 48.077 2311.391 
13 5 5 5 62.500 3906.250 
14 4 5 4.5 69.444 4822.531 
15 6 6 6 52.083 2712.674 
16 6 6 6 52.083 2712.674 
17 4 5 4.5 69.444 4822.531 
18 5 5 5 62.500 3906.250 
19 5 5 5 62.500 3906.250 
20 6 6 6 52.083 2712.674 
rm 1,212.041 III,z1 74,378.521 
I(IIifl 1469042.525 
Average Grain Size II = ~ I, 1 60.602 
i~I=1 IL/ -(IL,f/n 1.561 12~II 3.123 I' n(n -1) 
Numbers of counting 01 = 20 
[ZJ are the individual values of the mean linear intercepts obtained 
in 01 ind1fendent measurements on the same material (or sample) 
The term I ±_UL1 specifies the interval for a 5% probability of error 
or 95% significance level. 
IL-2~LI 
lL+nLI 
57.479 
63.725 
micrometres 
micrometres 
Range of grain size is from 57.479 to 63.725 micrometres. 
Appendix 2 
Product Information 
• MEL Elektron ZREl Specification 
• SEMeO perm MPX coating 
• EVO-STIK Thermaflo 6820 
(hot melt adhesive) 
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ELEKTRON ZRE1 
Elektron ZRE1 - a magnesium based atlov with 
~xceUeO( castabiliry. Pressure tight and weldable. 
Creep resistant UP to 250°C. 
Applications 
Comoonents oo~ralm9 ill <!!ellau~a lemp"!farures woe'e 
:reeo reS'Slance '5 re<j\,,,red for :ow SlreSsed compliCtued 
:a5:oo95. 
CherT'ical Composilion (8S ::L. :26) 
'late E.lr:1'l metals 2.S-.!.O% 
Z,nc v.3-l.0% 
Zirconium OA-l.0% 
Minimum Mecnanical Properties 
0.2% Proof Tensile Elon· 
Suess Strength genion 
N:mm; N:mm~ 
'" Seodr31elv cas! 
.eSloars 
'ZL. 1261 95 140 
T YPled! prooerties 
,n castings 
'" 
:20 
Heat Treatment 
10 ~OU(S minimum oerween 170"C and 2OO"C: COOl m 
3,r. 
Castability 
t:xceUenl. Cdsrings are free from mictoPQIosiry and the 
:eru:lencv fa nOI craclting in "iHicult casti~s is low. 
Castings are merefore pr'!SSurp. fignt ana may be welded. 
Weldability 
'Neldaole ov Ine tungsten arc Inert gas process ITlGI with 
!iller 'od of similar composition. Casti"9s snouid be heat 
:reated atlef weldin.g. 
Physical Properties 
50ec.tic graviry 
:o,!fjicient of Inermal 
~~oanSlon 
ihefmal Conductiviry 
Soe<:ific Heat 
Slectrlca' Resistivlry 
MooUlus ot Elastlcitv 
.~o'ssons 'aPO 
~attern makers 
inrin;.;age 
!.ioUldUS temoerarure 
SoliduS temperarure 
Shear strength 
;moact value lunnotcneal 
Imeac. value InOtCheol 
Dame.ng ,naell 
I.'" 
2.6.3.10- j :"c 
100 W/m~C lal2QOCI 
1.04.11 I()lJ/kgtOC 
7.3 l 10-' Ohm/Cml 
.w.11I1QJN/mm": 
O.:J3 
1.5% 
640"C 
545~C 
lJ8Wmml 
6.1 _ 7.~NM 
0.1 - 2.Q NM 
'.5 
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Compressive Pro;.:er.les 
O.2"b orooi m.,ss 35 - 120 N/mm; 
:jllimale Strength ::75 - ].:Q N/mm~ 
Low Temperature Properties 
:Iongallon ", ~ 
Ultimate lensde 
Jtrength 
tmoact value 
runnOtCheal 1J.5NM 
EQuivalent Specifications 
BritiSh 3S 21. 126 
3S ~70 MAG 0 TE 
~merican .), S rM 880- 76 
QO·M·~8 
.lMS -U428 
'=rencn 
G~rman 
.\.E.':: M.A 
iSO 
'';;)mrnerClal 
')'rR JJ80 
')'FNOA 
..lircraft numoer 
urN 1729 
,'.IG·'::·31 
::1:9 Jnd 3115 
Effect of Temperature on the 
Tensile Properties 
EZ33A 
EZ3JA 
EZ33A 
!REl 
ZREl 
-;j. TR3l:: 
3.6204 
3.5103 
'_00 
,~,~------__ C-__________________ "--+ ____ -' ,~ 
:00' ____ -,-_______ ---'-+ __ __ 
-~ I 
,~, __ -==~~·~";··~··~'~"·=··~,.~--_,LL----- :~~ 
! '-00 ; 
"';--------c~~------~,~o--------.. ""--------,""-. 
",.-.,' 
..... J.wu .. 
S"'fSS 
-
Effect of Temperature on the Stress/Strain Curves 
.~ 
.~ 
-
'"" . 
"'" 200'C 
n." 
•• 
""'" 
,.,." 
~-~--;,~,,.----;;:.~. --~O~.--~,~.;---;.O 
.. ST .... ' .. 
W6hler Fatigue Curves 
~tOo 
:IO'---~-'------=::"''''''=====::::=J'~'C 
,~~. ----~----~-----7----~ 
i !, 
"L' ~----L,-----~----~~--~ 10' 10' 110' wI to' 
C'I'CI.£SOJSTRfSS 
W6hler Fatigue Tests 
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Stress/Time Relationship for Specified Creep Strains 200'C 
"--~---:-:-;---:------,-,~=~ 'I' "', r_~_ .. 
. , ,. ' .' :'lO"C 
•• 
., :, 
, 
~------------~'------------~~c---~~~~----"---------c 
.. , ....... 
.. : ." 
.. ,------------~',-'-------------'~'-'---"------~~------~------
": . 
.. 
StresslTime Relationship for Specified Creep Strains 250'C 
.. "" .... 
; j, 
.. ;...---'--'---t-'..l.ie\+I-------'-'-' l' .:'-\,-iji----i--'-.;..:l4-iJ.l.'- .~ -'--'--'-'--~' '. ~
'
1 1
1
'1' III i i i i I1I1 i ill ! i I ! 1 ,I , ! il 
" • 
-
'..000 10000 
riM' I .. OOOUIIS 
.. ...,teo '" et>ql_ o. c ...... 1ief IAt>qooII ':>""'It'l I.la 
:2188 
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Description 
Semco Perm MPX is a !ignt omk heav· ... liQuid with a 
pleasant odour. The oenSlty of tne product is 
aoproxima!ely 1.54 gicm~. 
Composition 
Semeo Perm MPX is a suspenSion of refractory 
fiUer materials in water. The soiid contents is 
approximately 58% 
approx. 57% refractory filler aluminium silicate 
approx. 42% water 
approx. 1 % organic aOditives 
To prevenl biologic oegradation. the product 
contains approx. 0.15 % at a low toxic biocide. 
Material Coding 
See Material Safety Data Sneet 
Properties 
SemeD Perm MPX is a high permeabiliW coating 
specially formulated for use with the -Lost Foam-
casting process. The coating exhibits excellent 
dipping and wetting properties when applied and 
endows the pattern a tough but flexible layer. 
Semco Perm MPX is suitable for dipping as 
supplied. but further dilution with clean water to 
the reQuired viscosity may be necessary to give the 
desired layer thickness. The range of application 
includes patterns for castmgs in steel and in grey. 
nodular and malleable iron as well as heavy and 
light metals. 
Usage 
Semco Perr:n MPX has to oe stirred thoroughlv 
before use. It is recommenoed to use a motor-
driven stirring device to ensure an adeQuate mixing 
Ishielded motor. see information 5.10011. A ready 
to use coating is obtaineo SUitable for dipping. flow 
coating or spraying. For cenaln applications. where 
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SEMCQ@perm MPX 
SEMCO COATINGS' 
a thinner COAting layer is desiraole. ,he coating can 
be diluted to a lower viSCOSity using clean W8ter. 
'For regular cheCKing of the correCt conSistency of 
the diluted coating. a flow cuo coniormmg to 
DIN 53211 with 8 4 mm orifice is recommended. 
Drying of the coated panerns can oe cameo ou: bv 
standing in warm air. 
Semco Perm MPX contains an effective biocide to 
prevent bacterial growth during storage and use. 
However. the proteCtive action of the biOCide Will 
decrease with time. but it will sustain ItS prooerttes 
if stated and used in a ctean environment. 
Therefore, all points (mixing device, dippmg tankS 
etc.) being in contact with the coating snoutd oe 
regularly and carefully cleaned to avoid 
contamination. 
PacklJging 
(Standard) Non-returnable steel drums of 75 Io:gs or 
hobbocks of 40 kgs capacity or returnable 
containers (detailed information upon reQuest). 
Storllge 
Cool in tightly closed drums. 
Shelf life 
Containers: approx. 3 months after prOdUCtion oate 
Drums approx 1 year atter production date 
1.2600 
SMC Foundry Products Limited 
~EVO·STJK 
,., PRODUCT 
., DATA 
S,B 
Cvce 1570.'2 
June. ; 989 
THERMAFLO 6820 
Multi-Purpose Hot Melt Adhesive 
Introduction 
EVO-Silk Thermallo 6820 is a mulll-our:)Ose aonesI1I8 oaStlO 
In ethy,ene vinyl acelale iEVA). iOfgeneral croouc: assem-
ofy. If oamons:rares 9000 a~heslon !O an a~ceorronally 'NICe 
range Or malerlals. incluOlng Induslrlal taorlcs. 'Ncoa. I'rlllo 
:;teel. aiummrum. ruooer. iearner. oOlyelnyJene :lno etrler 
.::Jolyoletins.ngtO PvC. ASS, ;Iass ana .lc:yncs. 
Features 
Bonos an 8xcaoucnarly 'NIce range ,t .'T1ale~rars. 
Excellenl aohe$lon [0 ooiyprCOYlene, 
AetilUv8iY long ocen ume 120 [0 340 seconos t. 
Method of Use 
IMPORTANT 8alor8 8:'710a(1(ln9 on any won.; 1""'OIV''-;g E·/o-
'Stlk T!'lef:-r:aIJo ij820. :he sec:lcn ."aaoee ··~:eca',.;uor::; Ifl 
Use' snouJo oe carelwry stuOleo oy !nose carrying OUI 1,'1e 
wont The sale usage oi Evo,S:lk C!eaner 60 's cescnoeo In 
a seoarate PrC(lUCI Data Sheet. 
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Surface Preparation 
An $ur:aces must ::>e clsan. ~r,! ana 'ree :~cm cus:. ;.-ease " 
:liner surrace conrar:":II'anI5. )f aegreasing '5 :19Cassa:y. :1 
cetergenuwaler :rea(men[ S:lOU/Q firs, :le ~:.r.SICa(eo. I1 :"IS 
,5 ,naoproonate. a SUltaOl9 $olvenr. SUC:l as E'/a,Sllk C:aaner 
iiO. :~ay 09 useD faf .-:an·oorcus sur:acl!s. If ,5 aovlsaOle :0 
:,'1ecl( ::'e ellec:s J( aegrea$lng ~Orvenrs .,n olas::cs. :;.:ooer 
."atena,s ana oal,1180 suriaces oelore carrying out Il":e 
;oara/!OfL ..1,11 iraceS 01 c;ear.lng $Clvents n:JSL ::le a,lcwec :c 
a·,aoorate :lelore .ioOlrCa!lon or ,l":e acheSIVe. 
AppHcalion of Adhesive 
'/arrous :::ermoslaucafry contreliea extrusion aOOllcal0r5 are 
avarlaore 10 neal ana melt IhIS aOhesIVe. ano te oisoensa·l 
olrec:!y lO the WQn<olece. Derails are avariaols tram the 
Evooe Tec:lnlCar Servrces Oeoartment. 
The aOCllcallon iamoerature ;O( Eve·S::'1< Them'arla 6320 ;s 
oetween : ::,J~ anc : ;O~ C. cecenClng :,rOOr" ::-:e CO:'lo:[)ons ,JI 
:100,rcaIlOr". 
Product CharaCleristi:s 
COLOUR -&- FOF1M:-_·- - -·?aii."l'&::w ..... :ra·"':s::;eer,j oejie:s 
CONSTITUTION: .:.. :>'enc 0: ;"er~OOiaS:Je E'/A. oojyrr..3~s ar.c syr.tnet:e ~9SInS. :'lone oj W"O'l IS c;ass,iI8a as 
:ange~olJs··. as tne (erm IS oeiinec In l:'1e C:asslflcatlen ?ac;';ag,nli ana Laoed,."l~ 01 Danger:>us 
_. ___ ._. ________ 5..;oslan::es Regula:lons. 1384. ______________________ . ____ _ 
P_A_C_KA_G_'_N_G_, ____ • 2.5 i<.; oOJole-,If':e: oaoer saclo(s. 
STORAGE: :·,c-$,:;'; T~ermatlO 6a20 Ad~e5lve S.'cu!d ~ storeo m a cry pla:::e In ;he lemoe~a!ure ~ange 5' 10 
25' C W"en slo'eo :moer Inese conOI"on5 11 may oe exoecled 10 iilalnla:n ;IS cr'9lnai orooen,es 
~.J~ al :eas: :we:ve mot"!1t\S 
SOFTENING RANGE: 55' . 75' C IBS 2000: Pa:-: 58: RI!"'9 and BaIlJ. 
PERFORMANCE: E·,o-S;,": T!'1e~:714Iio 682': is "'01 rec::-~me"dec :or eOI'llo:'lUOUS serlllce al ;emoeralures ... oo\le ..!O'C 
Precautions in Use 
Evo-Sul': Tnermaric 682'J:s ~c: na;arocus.:c use orCV'oec 
cue allenll.:ln IS oalo :0 :;-e :o;:o ..... m; :>.:II:'1:S:-
Fire Precautions 
A.: aOOlicallor, ie,"'oera:tJ~;' =Yo:'-5:'~ Tner:":",al:o 0820 ~s ;JOl a 
lire fISi(. :Jut oV2r."1ea~'r'l9 oOV10USly Oreser'llS a oosslbie ~~si(. 
P:ovlde a (nerma; Cl":\-,:,,,: w:'l.e:- Will sWltcn oit Ine neann;,: 
Circuli il'1l~e event o~ ;l'1er~cs:a; :a'l:..;re. lI.rra~ge also :hat ,n 
:ne event of fire ~n ;!'Ie e.:l:.;I:>menl. ::le "ea:er :::an ::le sw:tcneo 
ori at a localio" away irom :ne iire. 
Have CO~ tire eXIlI'IgUlsne~s avalla;),,. In ,ne locality. 
Health Precautions 
EJ"!racllo" venlllallon snoUlC ::le orov:oeo. caoaoie 01 remov-
,ng comoletely any lumE!S Wrll::::'l .Too!, resur. :rom overneanng 
Of ttom any ol~er cause. Sucn fumes. It concentrateo. r.'Iay 
cause Ifnlallor, 10 some a •. c. ailnougn r.o nis:ory o! :>arma-
nenl r:arm Irom me orea.!Jmg Cl :nese :umes IS l\.:'Iown. :1 IS 
ooviouSly bener ano I!'l acc.::rcance wllh sound :;IraCIICe to 
orealne uncomamlnalec a,r. 
To guare agalnSI tne "SI<; 0: OUfns. aoeouale prOlectlve 
ciotrling suen as :'leal-res:s;ing gloves snouid be otovioec 
and uSed. and sunaole rUles tor sate wot1(mg snOUIO De 
eSlaOlisneo and tnelf etfecllVeness mOOltored. 
First Aid Measures 
In case 01 ourns oue 10 Sl<;ln c:>n1a:: wnn no; material or 
oo/eels. immeatalety !Iooc ::'le alteclec area or the Slun With 
cold water 10 reouce Ine lemoeralure, and seelo( medICal 
aovlCe al once. Do nOt anemOI 10 remove aoheslve lrom Ihe 
sit~n atter It has COOled 
Evode Limited 
Waste Disposal 
:::vo-SI,II. Tl';e~ma:lo 15820 \nmmtngs. sOlllages. alC are no; 
::ass!lleo as '·Soeclal WaSle·'. as me :erm IS oe~,r.e:: :n :ne 
Control 01 Polh.ll!on iSpeCla! Wasle) RegulaitOl'ls. !9aO. ano 
~ay De Olsocsao oi oy ;a:lctilJ tloomg 
Services 
Trus "rcoLIC! caia S:leel covers 'us; one 01 a large :ange O! 
orOduetS manuiaClured oy C:vooe lImlleo tor InouStnal use. 
f:.sl! InformallOr: :>1'1 mese oroouc:s anc: adVICe on aOOII::aIIO" 
:s treely avaiiaoie trom Evoca's Indusltlal ASOfesenlauves 
tnrougnOlJt Ine coun:ry. Scectaiisl adVice and aSS15tance are 
;Iven oy our Te:::nnlCal ServICes Oeoartmenl. 
ThiS oroouct oala sheet supersedes all prevIOus mlormallor. 
on :rns SuDJ8Ct. ano users 01 !I are caullonec:l 10 e"sur€ ,I IS 
;ne ::urrenl Issue. Destroy ail orevtOUS oala sneets. ano II In 
any ooUOI. cor:;ar;; Evooe Llml\eO. OUOllng tne nulTloar 
aopeanng III ine :00 flg"l nano corner on tnE ~ron; ot ,MlS 
oocument. 
~EVODE 
.. INDUSTRIAL 
.. DIVISION 
SlaHord ST16 3EH. England . 
Teteonone. SlaHord I07e5} 57755 
Telex: 36161: Fax: (0785) 41818 
rtus leanel IS IOr generar ~nce ono~· 
ano may contaJl"I/':aPPfOOfldle :nrormaQO/". 
U~'~~~f~~ot~e 
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